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ABSTRACT
Validation of Bacterial Retention by Membrane
Filtration:
A Proposed Approach for Determining
Sterility Assurance
(February

1983)

Timothy J. Leahy
B.A., University of Connecticut
M.S., University of Massachusetts
Ph.D., University of Massachusetts
Directed by:

Professor Warren Litsky

Sterilization methods are typically studied to prove
their reliability and predictability.

Reliability implies

definition of the principle variables affecting steriliza¬
tion.

Predictability suggests the ability to forecast

assurance of sterility.
filters,

Filtration, using membrane

is the least well characterized sterilization

method with respect to reliability and predictability.
Pseudomonas diminuta ATCC 19146,

selected as a

biological indicator, was optimized for its resistance
to removal by filtration.

Filtration equipment was

designed to allow systematic study of experimental vari¬
ables.

Test methods were developed to allow quantitation

of bacterial retention and to define the effects of
several parameters
pressure,

(e.g., bacterial numbers,

time and fluid chemistry)

filtration

on retention.

methods were also used to measure the prediction of
retention by a physical test of membrane filters.

v

These

The impact of experimental variables studied was a
function of filter pore size.

Specifically,

bacterial

retention by membrane filters commonly used for sterili¬
zation was independent of bacterial numbers,

filtration

pressure and fluid chemistry and dependent on time.
Sterility of filter effluents was consistently achieved
by a single layer of a 0.22 ym pore size filter for
continuous filtrations up to 16 hours long.
The bubble point of membrane filters was a strong
predictor of bacterial retention.

No bacterial passage

was observed above a minimum bubble point value.

Micro¬

scopic examination of the penetration of bacterial cells
as a function of depth within a filter suggested a model
of bacterial retention based on a sequential sieving of
cells by the three dimensional structure of a filter.
The knowledge of filter removal ability was combined with
the volume and microbial content of liquids to calculate
the probability of sterility assurance.
Sterilization by filtration was found to be a
reliable and predictable method when applied under
properly controlled conditions.
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CHAPTER

I

INTRODUCTION
The control of microorganisms has been central to
the field of microbiology since its founding as a
science.

Microbial growth, although primarily beneficial,

is responsible for both economic losses and diseases
which profoundly affect man.

It is not surprising,

therefore, that various ways of preventing growth and
destroying microorganisms have been studied extensively.
There are many approaches to the inhibition,
destruction or removal of microbial growth.

It is

convenient to categorize these approaches into either
physical or chemical.

Physical methods include heat,

radiation and filtration.

Examples of chemical methods

are the use of ethylene oxide, disinfectants and anti¬
biotics.

These broad based examples are not intended to

be all inclusive but rather to illustrate the wide
variety of methods available for microbial control.
The extent of which microbial control is applied
also varies widely.

In many instances, the mere

inhibition of microbial growth is sufficient.

An

example of this approach is food preservation.

Other

situations require the selective destruction or removal
of offensive microorganisms while leaving others
unaffected.

Disinfectants, for example, are designed
1

2

to kill pathogens while often allowing other micro¬
organisms to survive.

It is clear, however, that the

complete removal of microorganisms, commonly termed
sterilization, represents the most rigorous control
method available.
Sterilization is achieved by any one of several
methods.

These include thermal, gaseous, radiation and

filtration processes.

The most widely used and exten¬

sively studied method is heat.

Thermal sterilization is

a well characterized approach to complete microbial
removal often regarded as the method of choice.
Characterization of thermal sterilization includes the
following major elements.

First, a biological indicator

of performance is chosen which is resistant to sterili¬
zation by heat.
this role.

Bacillus stearothermophilus spores fill

A second consideration is the influence of

different variables on the thermal destruction of
B.

stearothermophilus spores.

include spore propagation,

Examples of such variables

interactions between the

biological indicator and the medium being sterilized and
physical characteristics of the sterilized material in
response to heat.

Third, the quantitative nature of the

sterilization process is established.

The exposure time

at a given temperature predicts the extent of spore kill
(i.e., a one log reduction).

Finally, the concept of

3

assigning sterility probabilities to materials undergoing
thermal sterilization represents a natural extension of
the orderly and progressive destruction of spores under
defined conditions.

More succinctly put, characterization

of thermal sterilization implies a collection of studies
which prove the reliability and predictability of this
method.
There are, however, situations which preclude the
use of heat as a sterilant.

The most notable example is

material which cannot withstand high temperatures.
Alternative sterilization methods are available for such
items.

For example, gaseous sterilants or ionizing

radiation are often effective with thermolabile plastics.
In situations where thermolabile liquids require steri¬
lization, filtration has provided the only reliable means
of treatment.
Filtration as a method of purifying liquids has a
long history.

Many of the early workers studying

microbial control by heat also examined filtration for
removing microorganisms.

Various methods of filtration

have been used over the years.

Today, however, the

predominant method for sterilization of heat labile
liquids is by filtration through membrane filters.
While there is a plethora of well executed studies on
sterilization by heat, there exists only a few controlled

4

studies on the process of microbial removal by filtra¬
tion.

In particular,

there exists no unified approach

towards characterizing sterile filtration which is
equivalent to thermal methods.
Sterilization by filtration has traditionally been
effective in obtaining sterile products but considered
distinct from other sterilization methods in principle
and practice.

An example of such a distinction between

sterile filtration and other sterilization methods

is

the physical exclusion of viable microorganisms by the
former and actual destruction of microorganisms by the
latter.

Regardless of the mechanism of sterilization,

effective application of sterile filtration must still
rely on principles and practices which prove the
reliable and predictable nature of the method.

Biologi¬

cal indicators of sterilization performance must be
selected and proven resistant to the sterilization
method under study.

The impact of commonly'occurring

operational variables encountered in sterilization
should be examined.

The sterilizing ability of any

method should be quantifiable.

In addition,

this

quantitative property should correlate with a measurable
characteristic of the sterilization system in order to
predict performance and estimate the probability of
achieving sterility.

In other words,

sterile filtration

5

should be proven reliable and predictable.
Although the membrane filter has been successfully
applied to sterilize thousands of drug batches,

little

attention has been paid to the quantitation of bacterial
removal by filtration or the development of principles
analogous to the time-temperature relationships of
thermal processes.

Biological indicators have been

suggested but none have been examined in detail to prove
their utility.

The reliability of filtration in response

to operational variables has not been systematically
studied.

Presently, membrane filters are applied' to a

wide range of fluids which vary in pH,

ionic strength,

surfactant concentration and protein content.
tion,

In addi¬

the filtration systems differ in physical design,

which introduces such variables as pressure drop across
the filter and flow rate.
Interest in understanding these considerations has
increased in recent years.

This is especially true for

commercial applications of sterile filtration.
ly,

Present¬

current good manufacturing practices, promulgated by

the FDA,

required the industrial users of any steriliza¬

tion system to prove the reliability of these systems.
Although methods for validating such systems as steam
are well established, no analogous sets of principles
are as widely accepted for sterile filtration.

It is.

6

therefore,

the intent of this dissertation to study the

reliable and predictable nature of sterilization by
filtration.
As an initial step in fulfilling the objective of
this dissertation,

Chapter II reviews the literature

relevant to bacterial filtration and membrane filters.
This serves as an introduction to the field by tracing
the history of membrane filter development and the
application of filters in microbiology.

In addition,

it discusses the major findings to date on bacterial
removal by filtration and highlights some of the short¬
comings of these studies.

Thus,

the backdrop of

knowledge relevant to this dissertation is set in place.
Chapter II closes with an overview of how commercial
membrane filters are currently formed and characterized.
The first experimental step in determining the
reliability and predictability of sterile filtration is
the development of test methods.
components:
indicator,
nance;

and,

This includes two

experimental work related to the biological
i.e.,

its selection,

cultivation and mainte¬

development of an apparatus which allows

systematic study of experimental variables.

These

subjects are covered in Chapter III.
Since sterilization by filtration,
method of sterilization,

as with any

is applied to a wide variety

7

of conditions it is appropriate to systematically
study some common variables which may affect bacterial
filtration.

Chapter IV discusses the impact of several

such variables.

These variables are limited to those

which commonly occur during the application of sterili¬
zation by filtration,

especially in industrial settings.

They include both physical variables

(flow rates,

pressure drops, multiple membrane layers and time)
chemical variable

(pH,

and

ionic constituents and surfactants).

Their impact is measured in terms of changes to the
bacterial removal efficiencies of membrane filters.
Thus,

Chapter IV discusses the reliability of sterile

filtration.
A successful sterilization method implies the
quantitative removal of microorganisms.

Thus,

any study

of sterilization by filtration requires quantitation of
the removal process.

Chapter V uses a term developed in
r

Chapter III which allows the numerical expression of
removal performance,

the Log Reduction Value.

Effective

sterilization also implies a predictable process.
Predictability is exemplified by the relationship
between time/temperature and microbial destruction in
thermal sterilization.

Chapter V presents a similar

relationship which exists in membrane filtration and
embodies the central tenet of this thesis.

This

8

relationship is between the bubble point of a membrane
filter, a measure of pore size,

and the efficiency of

microbial removal.
The combined knowledge of the variables which affect
the sterilization method and determination of the prin¬
ciple variable which predicts performance helps describe
the mechanism of action of the method.

Chapter V goes on

to examine the mechanism of microbial removal by filters
on the microscopic scale through novel experimental tech¬
niques and mathematical modeling.

This work further

substantiates the predictable nature of sterilization by
filtration.
The concluding section of Chapter V illustrates how
the reliable and predictable nature of sterile filtration
may be applied to routine operations.

Through the use

of statistical probabilities, the estimation of sterility
assurance is calculated under defined conditions.

Such

determinations are useful to practitioners of ster ilization by filtration, since such factors as bioburden and
the volume of fluid to be sterilized which affect the
outcome are commonly known.

Thus, the confidence of

producing a sterile product may be determined.
Chapter VI presents a summary discussion of the
major findings contained in the dissertation.

The

results of Chapters III through V are reviewed in terms

9

of the overall characterization of the sterile filtration
process.

This discussion highlights the reliability

and predictability of filtration.

(

CHAPTER

II

LITERATURE REVIEW

Overview of Sterilization

The principles of sterilization can be traced to the
formative days of bacteriology.

The earliest scientific

contributions are credited to Pasteur (63) who not only
studied the consequences of bacterial activity in various
substances but also concerned himself with their control.
This early work centered primarily on microbial destruc¬
tion through heat.

Subsequent quantitative heat destruc¬

tion studies showed that microbial death is an orderly
process which follows a logarithmic progression with
time.

As a consequence of this observation it is

possible to compute death rate constants for microbes
under prescribed conditions.

These rate constants can

then be applied to efficiency determinations in steri¬
lization processes.

The principle of an orderly

microbial death has since been established for other
sterilization processes where destruction of the
organism occurs.

These other processes include gaseous

sterilization and sterilization with ionizing radiation.
The efficiency of the thermal process is quantified
in terms of a time-temperature relationship which can
predict microbial destruction by heat.

10

One convenient

11

expression of the death rate due to thermal processes
is the D value

(38).

The D value is the time required

to destroy 90% of a population of organisms at a given
temperature.

The value is derived from a survival curve

which plots the log of the number of surviving bacteria
versus exposure time at a given temperature.

The D value

is the time required for the survivor curve to traverse
one log cycle.

Thus,

for a given microorganism at a

chosen temperature it is possible to predict the time
needed to reduce a population of this microorganism from
a critical value to some chosen value.
tion of sterilization by filtration,

With the excep¬

quantitative

relationships of microbial removal due to ster ilizing
agents have been studied.

D values have been derived

from the logarithmic order of death observed in each
sterilization process.
Well established biological indicators are commonly
employed to check sterilization procedures.

Many of the

factors which affect killing have been extensively
studied and this knowledge combined with the D value
concept has been used by regulatory agencies to establish
guidelines in the manufacture of sterile material.

Overview of Bacterial Filtration

Filtration as a means of purification has been

12

practiced since early times.

In fact,

it probably

represents one of the oldest methods used to purify
drugs.

Scientific study of bacterial filtration, however,

begins in the nineteenth century.

As early as 1884,

Pasteur and Chamberlain (27) produced hollow candle¬
shaped filtration units.

They formed these porous

devices by heating mixtures of quartz and kaolin to just
below the sintering point.

Modern adaptations of these

inorganic filters include Selas filtration mantles.
Bacterial filters have also been made from specially
graded and purified clays which can form a filtration *
bed to remove microbial cells.

A third type of filtra¬

tion device is embodied in the Seitz filtration pad.
Filters of this type are composed of fibrous material
which is pressed together to form a random array of
criss-crossed fibers.

Often these fibers are bound

together with adhesive resins to add strength.

All of

the above filter types share certain properties and are
commonly classified as depth filters.

They are composed

of a random array of pore sizes which are inherently
difficult to control.
widely in size,

Since these openings can vary

their ability to remove microorganisms

is thought to be due to both random entrapment and
adsorption.

The exact role of each of these mechanisms

in bacterial removal is, however, unclear.
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Another classification of bacterial removal
lizing)

filters is the membrane filter.

(steri¬

This type of

filter is composed of a continually interconnected
polymeric network and is characterized by a highly
porous, thin,

flexible film-like structure.

The morpho¬

logy of the pores is not a result of random crossing of
fiber elements as in depth filters but is controlled by
a precipitation process which yields a consistent and
uniform structure.

Development of Membrane Filters

The first report of a synthetic polymeric membrane
was published in 1855 by Fick (26) .
shaped membranes from collodion,
cellulose in alcohol/ether.
cial membranes,

He formed sac-

a solution of nitro¬

When he used these artifi¬

Fick experienced handling difficulties

since they were very fragile.

In addition, he had

neither control nor characterization methods for their
pore size.

Thus,

performance.

it was difficult to predict their

These artificial membranes, nonetheless,

served as forerunners of all artificial membranes,
specifically,

dialysis tubing commonly used for macro-

molecular separations today.
Regardless of the difficulties encountered by Fick,
his basic process of forming an artificial membrane
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remains essentially unchanged to this day.

In general,

this process involves a controlled phase separation of
polymer (solid)

and solvents

(liquid).

For example,

preformed polymer from which the cellulosic membranes
are made is dissolved in a mixture of solvents of diffe¬
rent vapor pressures.

The resulting solution is then

cast or spread into a thin film with the desired dimen¬
sional form (thickness and linear dimensions)
final membrane.

of the

Specifically, membrane filters commonly

used today are spread into thin sheets on the order of
100Ts of micrometers thick,
meters long.

30 cm wide and 100Ts of

The three dimensional microscopic structure

of the membrane is the result of a controlled removal of
one of the solvents by differential vaporization of a two
solvent system.

The voids or pores characteristic of

artificial membranes are created because one of the
solvents used to dissolve the polymer is relatively non¬
volatile while the other solvent is relatively volatile.
As the more volatile solvent is removed, the polymer
gradually precipitates around the less volatile solvent
having reached its precipitation point.

When the less

volatile solvent is finally evaporated, voids remain
where they existed when precipitation due to solute
saturation reached a critical point.

The result is a

three dimensional polymeric network permeated by
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randomly shaped but uniformly sized interconnecting
channels,

or pores.

Although several workers used Fick's membranes in
biological studies during the late 1800fs,

these workers

did not address the variables of membrane formation.
1872, however,

two studies discussed factors which

affected membrane formation.
(14),

In

As reported by Daubner

Baranetzky prepared collodion membranes as 50 mm

discs instead of sacs.

He observed that membranes which

were placed in water before complete evaporation of
solvent were much more permeable to water after the
formation of the membrane.

Daubner also describes the

work of Guerout who introduced a method for determining
a physical characteristic of membrane filters,
size.

the pore

GueroutTs method rests on the assumption that

membrane filters are composed of many capillaries
arranged vertical to the surface of the membrane,

i.e.,

that their length is equal to the thickness of the
membrane.

With this assumption, he applied Poiseuille’s

Law of water flow through capillaries.
Poiseuille,

According to

there is a relationship between fluid flow

rate through a capillary and the radius of the capillary,
among other variables.
ship,

Thus, by applying this relation¬

Guerout was able to estimate the pore size of

filters he prepared by measuring water flow rates.

This
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relationship will be discussed in detail later.
The first series of membrane filters with varying
porosity was developed in 1907 by Bechhold (3).

His

membranes were formed by saturating common laboratory
filter paper with solutions of collodion varying in
glacial acetic acid/water concentrations.

He observed

that the permeability of these membranes to water was
inversely related to the concentration of impregnating
solution

(solute).

Beckhold (4)

also characterized the

pore size of his filters by challenging them with various
dye solutions of estimated particle size.
however,
size,

His membranes,

showed a relatively large variability in pore

on the order of factors of ten.
Bigelow and Gamberling (5)

published a method of

membrane filter formation which represented a significant
advance over previous methods.

They were able to form

flat membranes of uniform thickness by pouring an ether/
alcohol solution of collodion onto the surface of a
horizontal glass plate or a container of mercury.

Glass

plate methods are commonly used to this day as the first
step in the development of a new membrane formation
process.

Their study also presented data relating

filter thickness and age

(drying time)

to water permeabi¬

lity where permeability was inversely related to
thickness and age.

Similar observations were also
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reported by Brown (9,10).
Schoep

(57)

controlled membrane permeability by

adding 2-10% of glycerol to collodion solutions before
membrane formation.

In addition, he increased membrane

flexibility by adding 4% castor oil.

Brown (9)

achieved

incremental porosity of collodion membranes by changing
the relative ratios of alcohol and water in collodion
solutions.

The permeability was directly related to

alcohol concentration.
By the early 1900’s,

it became evident that:

a)

the control of porosity was the hey to the successful
development of nitrocellulose membranes, b)

reproducibi¬

lity of pore size was easier in membrane sheets than in
a sac configuration and;

c)

there was a need for careful

control of production methods and ingredient concentra¬
tions used in the preparation of membranes

(29).

The work of Zsigmondy and his colleagues

(71-74)

in the early 1900's represented a major milestone in
membrane formation.

Their efforts resulted in a routine

production process for membrane filters by controlling
critical variables and they were awarded a U.S. patent
(71) based on the process.

Briefly, the process

consisted of dissolving nitrocellulose in an acetone/
glacial acetic acid solvent system and casting the
solution onto glass plates.

A controlled phase separa-
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tion occurred by allowing the differential evaporation
of the two solvent system at 18°C in a 60% relative
humidity followed by washing the formed membrane in
water.

Their systematic study of membrane formation

defined such factors as concentration of nitrocellulose,
composition of the solvent system and relative humidity
during membrane formation as the principle determinants
of pore size.

Much of this work was substantiated by

Elford (15-18)

during the late l920Ts.

Membrane filters were first produced commercially
by the Sartorius Works AG .of Germany in 1929.

Sartorius

applied the methods of Zsigmondy for their filter’s
routine production.

Following World War II,

Goetz

(30),

a member of a U.S. Army Intelligence team, prepared a
complete report on the manufacturing process as well as
the characteristic properties and applications of the
Zsigmondy membrane filter.
of the U.S. Army,

While with the Chemical

Corps

Goetz helped develop membrane filters

which were stored dry and imprinted with a grid pattern.
The process,

improved by Goetz, was contracted to the

Lovell Chemical Corporation for commercialization in
the United States.

Employees of Lovell later organized

the Millipore Filter Corporation for production and
marketing of membrane filters.
Mass.),

Millipore

(Bedford,

the first commercial manufacturer of membrane
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filters in the United States,

subsequently refined and

improved the manufacturing process to yield a uniform
product.

Currently there are several other commercial

manufacturers of membrane filters worldwide.
include Gelman Sciences
(Glen Cove,

N.Y.),

(Ann Arbor, MI),

Nuclepore

Amicon (Danvers, Mass.),

Pall Corporation

(Pleasantville,

CA)

and

all of the United States;

Sartorius and Schleicher and Schuell
(United Kingdom);

They

(Germany);

Oxoid

and Toyo (Japan).

Currently, much of the research on the formation
and production of microporous membrane filters is con¬
ducted within industry.

Although little of the details

of such studies are published for proprietary reasons,
several new types of microporous membranes have been
introduced in recent years.

The main difference between

these new membranes and the traditional nitrocellulose
membrane filter has been improved physical properties of
new membranes formed from polymers such as nylons,
sulfones and polyvinylidene fluoride.

Generally the

newer membrane filters are stronger, more thermostable
and resistant to a wider variety of solvents requiring
filtration.

Thus, membrane filters may be fabricated

into more convenient and useful filtration devices.
is safe to say, however,

It

that many of the principles of

membrane formation developed during the late 1800Ts and
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early 1900fs were instrumental in the development of
these newer membrane filters made from different
polymers.

Microbial Filtration by Membrane Filters

The applications of membrane filters in bio logy
closely parallels filter development.

In fact, the

earliest uses of membrane ’’filters” in biology actually
preceded artificial membranes and used natural animal
membranes to carry out various separations.

For example,

animal derived membranes were used to filter egg whites.
In these experiments,

it was observed that the filtrate

was less concentrated in protein than the original
solution.
As reported by Ferry (25) ,

the first use of artifi¬

cially produced membranes in bacteriology was in 1891 by
Sanarelli.

Daubner and Peter describe experiments by

Metschnikow, Roux and Salimbemi who,

in 1896, used

collodion sacs in vivo to demonstrate the effects of
Vibrio cholerae toxins on guinea pigs.

Eichhoff (23)

separated toxins of Corynebacterium diphtheriae from
bacterial cultures by using collodion sacs.

He also

observed that the filtrates of small microorganisms
such as Bacillus prodigiosum (Serratia marcescens)
would initially be sterile but in a short time bacteria
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passed gradually into the filtrate.
One unifying observation of all these early studies
is that little attention was paid to the structure of
the membrane filter,

its physical and chemical properties

and their influence on filtration.

In fact, many of the

more current studies suffer from these same limitations.
In 1922,

Meyeringh (40), using flat membrane filters

produced by the Zsigmondy process,

separated bacteria of

the family Enterobacteriaceae from liquids.

Using the

pore size characterization method suggested by-Guerout,
he found that the pore size of the filter should not
exceed 1.2 ym in order to effect the separation.

In

contrast, Vibrio cholerae required a 0.75 ym pore size
for separation.

Meyeringh was one of the first to use

membrane filters for the complete removal of micro¬
organisms from solutions and for analyzing inanimate
r

particles suspended in water.

He observed that, under

continuous filtration, membrane filters became permeable
to bacteria after four days.
It is useful at this point to distinguigh between
two related yet distinct applications of membrane
filters.
recovery.

These are microbial retention and microbial
Retention implies the ability to remove

microorganisms from a fluid while recovery implies
their detection.

Although many of the early applica-
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tions of membrane filters centered on microbial removal,
the more recent literature is replete with recovery
applications,

i.e.,

the cultivation and quantitation of

microorganisms by membrane filters.

Since this disserta¬

tion intends to address the removal properties of membrane
filters, only a brief overview of the recovery literature
is offered.

A more detailed treatment of the retention

literature will then follow.

Microbial recovery.

During the 1930’s,

there were

several reports of attempts to directly culture micro¬
organisms on membrane filters
in Russia,

and Mueller

(42),

(24,50,62).

Barsov (2),

in Germany, cultivated

coliform bacteria from water to analyze for fecal pollu¬
tion.

Currently,

remains, by far,
cultivation.

this application of membrane filtration
the largest in bacterial recovery and

It is estimated that over 16 million

coliform analyses are performed annually in the United
States and Canada by the membrane filter technique.

The

earliest widespread and routine use of membrane filters
to recovery bacteria occurred in Germany during the
later years of World War II.

Routine analyses of

potable water for coliforms are reportedly accomplished
by placing the membrane,

after filtration,

on a sub¬

strate of seven filter papers saturated with endo broth
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(29).

Following the war, membrane filter technology

spread rapidly and reports of its applications during
the 1950’s accelerated.

Some of the more significant

contributions were made by Clark,
Goetz,

et al

(31,32)

and Burman (68,69)

et al

(11,12)

and

in the United States and Taylor

in the United Kingdom.

There are

continual reports of new applications, modifications of
existing applications and studies of variables affecting
the membrane filter technique in analytical microbiology.

Microbial retention.

Elford,

in Great Britain, was the

first to combine physical characterization,

filtration

properties and microbial removal in a systematic study
of membrane filter performance.
publications, he

(16,17,18)

In three extensive

described variables which

affected membrane formation and characterized his
membranes by a combination of physical tests.

He then

related these test results to the filter’s ability to
remove a variety of microorganisms.

In addition,

Elford tried to relate the impact of filtration condi¬
tions on removal performance.
Elford (16)

set out to separate various biological

entities according to their size with the membrane
filters he formed.

His membranes were made by the

method of Bechhold (3) using acetic acid/collodion
solutions to impregnate filter paper and allowing mem-
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brane formation to occur around the paperTs fibrous
structure.

Membranes of various ’’pore sizes” were

produced in 40 mm discs by changing the concentration
of the collodion solvents.

Since heat adversely affected

the membrane filters, Elford sterilized them by ultra¬
violet light.

His filtration apparatus, not dissimilar

from those currently used in analytical membrane filtra¬
tion, was capable of delivering filtration pressures from
less than 1 psi to over 30 psi by using either hydro¬
static head pressure or pressurized nitrogen gas.'

Each

unit had a fluid volume capacity of 25 ml.
Elford began his study by characterizing pore size
according to Poiseuille’s Law of fluid flow through
capillaries:

where:
Q = liquid flow rate (ml/sec)
P = pressure producing flow (dynes/cm )
r = radius of capillary (cm)
D = viscosity of liquid (CGS units)
i = length of capillary (cm)
He idealized membranes as composed of capillary bundles
arranged vertical to the membrane surface.

By assuming

that the number of such capillaries was related to the
void volume of the filter,

i.e.,

the volume of water
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held with the filter structure, he rearranged Poiseuille s
Law to calculate the average pore s ize of his filters
according to the following equation

r _

o n

2Qr>

where:
o

V = mrr £ = void volume or the volume of water
held within the filter which was
determined experimentally
Elford found an inverse relationship between the concen¬
tration of nitrocellulose and pore size,

i.e., higher

concentrations yielded smaller pore sizes.

He was able

to produce membrane filters whose average pore size
ranged from 0.5 ym to 0.05 ym.
To study the separation ability of his membranes,
Elford selected several single celled biological entities.
These included Bacillus coli (Escherichia coli), Bacillus
prodigiosus
cus

(Serratia marcescens), Bacillus bronchisepti-

(Bordetella bronchiseptica), bovine pleuro-pneumonia

(Mycoplasma sp)

and coliphage.

of red blood cells
filtration pressure

(RBC).

He also used suspensions

He studied the effect of

(<1 psi to 20 psi)

and particle

concentration on retention using several pore sizes of
his membranes.

All organisms were grown in complex

media such as nutrient broth and diluted decimally for
filtration studies.

Small aliquots

(1 ml)

of effluents
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downstream of membrane filters were tested for the
presence of the test organisms.

The majority of these

aliquots were qualitatively tested (growth/no growth)
while limited experimentation determined the count of
these aliquots.
The results with E.
tion of 10

g

coli at a challenge concentra-

cells showed that passage was a function of

both pore size and filtration pressure.
Elford found that E.

For example,

coli consistently passed through

his 0.2 ym pore size filter at filtration pressures
above 10 psi.

There was, however, a pore size

(0.15 ym)

where no passage occurred at filtration pressures up to
o

20 psi.

Similarly,

S_. marcescens

(10

total organisms)

passed through filters as a function of pressure where
passage occurred at lower pressures compared to E.
(i.e.,

8 psi).

Again,

coli

Elford’s 0.15 ym pore size filters

completely retained Serratia, which is the only bacteria
for which he reports a size.
1.0 ym in diameter.

He measured it as 0.75 to

This points out an anomaly in his

pore size designations since Serratia clearly passed
through his 0.20 ym pore size filter while being about a
factor of 4 larger than the rated pore size.
smallest bacterium, B. bronchiseptica,
trends as E.

The

showed the same

coli and S. marcescens but where passage

through 0.2 ym pore size filters began at less than 7
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psi.

B_.

bronchiseptica also passed through 0.15 pm pore

size filters at the highest test pressure

(20 psi).

No

absolute size determinations of Bordetella were provided
although Elford states that it was smaller microscopically
than either E.

coli or S. marce'scens.

Results of passage experiments with phage indicated
that they passed through all his filters at all test
pressures.

Passage determinations with RBCTs and

Mycoplasma indicated that they passed through filters
with pore sizes considerably smaller than cell sizes.
Elford’s major findings can be summarized as
follows.
1.

Filter pore size is a determinant of retention,
where smaller pore sizes were more retentive.

2.

The concentration of organisms affects reten¬
tion where higher concentrations are more
likely to pass.

3.

Increasing pressure of filtration decreases
retention.

The underlying significance of this work lies in the
fact that Elford related physical characterization to
biological performance of his filters.

He chose

microorganisms as test entities and applied controlled
experimentation.
There are, however,

limitations to this study.
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First, he used membranes formed on filter paper.

Such

paper is made by pressing cellulose fibers to form a mat.
This results in an uneven and roughly textured substrate
which could produce defects,
in the polymeric membrane.

therefore,

inconsistencies

In fact, Elford suggests

this is the case while explaining how relatively large
bacteria could pass through small pore filters.

He goes

on to speculate that his method of determining pore size
gives only an average size while underestimating the max¬
imum pore size.

Also, he did little to characterize the

microorganisms which he used in retention testing.
Finally, much of his microbiologic determinations of
filtrates were qualitative and relatively insensitive
since only aliquotes of filter effluents were examined
for microorganisms.
Elford’s second paper on membrane filtration (17)
describes studies of filters produced essentially by the
r

techniques of Zsigmondy.

These membranes differ from

those of Elford’s previous study principally in their
method of formation.
paper,

Rather than being formed on filter

these membrane filters were produced as an

unsupported film on glass plates.
series of unsupported (film)

Elford produced a

filters of different pore

sizes by varying the concentration of amyl alcohol added
to a ether/alcohol/acetone collodion solution.

Membrane
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permeability was found to increase with increasing
concentrations of amyl alcohol.

Elford determined that

the reproducibility of his membrane filters was influenced
by:

1)

type of nitrocellulose;

and storing collodion solutions,

2)

methods of preparing

and;

3)

conditions of

solvent evaporation.
Elford characterized the structure of his filters
by three methods.

Membranes were tested for their water

flow rate under standard conditions of water volume,
filtration pressure and temperature.

Such flow rate

determinations were expressed as ml of water/min/cm
filter area.

of

The average pore size was determined by

methods described previously by him.

A third test,

the

critical air pressure was also used by Elford to charac¬
terize his membranes.

It is essentially the bubble point

test widely used today in pore size determinations and
integrity test methods for membrane filters.

This test

measures the air pressure required to force air through
the pores of a wetted membrane filter.

Knowing this

pressure and the surface tension at the liquid/air
interface,
calculated.

an estimate of the maximum pore size may be
As in the average pore size determination,

the critical air pressure test assumes a straight
through capillary structure in the filter.
is determined by the following formula:

Pore size
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where:
r = radius of capillary (cm)
a = surface tension (dynes/cm)

2

P = pressure required to displace liquid (dynes/cm )
Currently, pore size is determined by a modification of
the above relationship

(55) known as the bubble point

(P) :
D
k'4a
/Q
P = —coso
where:
P = pressure required to overcome surface tension
forces and displace water from the membrane's
pores

(bubble point)

k = shape factor which corrects for the deviation
of pore structure away from straight through
capillaries
a = surface tension of liquid wetting the filter
d = diameter of capillary (pore size)
© = contact angle between liquid and capillary wall
In addition to describing the formation and charac¬
terization of film type membrane filters, Elford tested
these filters with biological particles.

Using

S. marcescens as his standard organism, he found that
membrane filters with an average pore size of 0.8 ym

31

and a critical air pressure

(bubble point)

of 30 psi

g
were completely retentive at a concentration of 10
organisms filtered at 20 psi.
critical pore size,

He found that up to a

retention of any test organism was a

function of both their numbers and the filtration
pressure.

There was, however,

a pore size at which

complete retention was independent of these conditions.
These critical pore sizes,

determined by the average pore

size method, were as follows:
Mycoplasma - 0.2

ym,

and;

S_.

marcescens -

coliphage -

0.065 ym.

0.75

ym;

Elford

also suggests that for colloidally dispersed test solu¬
tions

(e.g., carbon black or colloidal gold)

the apparent

pore size necessary for complete retention is greater
than the size of the colloid.

He feels that this is

due to adsorptive effects of the filter since there is
a very high internal surface area in small pore size
r

filters which could interact with the colloids.
Although Elford published other works on membrane
formation and their use in virology (17-22), his last
paper studying the filtration properties of membranes
with bacteria was published in 1933 (18).

This study

represents an extension of his previous work on filmtype membrane filters and examines the contribution of
adsorption in particle retention.

Elford suggests that

there are three main factors controlling the filtration
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process :
1.

Interaction between the filter and the particle,
i.e.,

2.

adsorptive phenomenon.

Interaction between the filter and the fluid
which changes the structure of the filter,
e.g., swells it.

3.

Interaction of the particle and its carrying
fluid,

These effects,

e.g., electrical interactions, viscosity.
in his view,

are most prominent when the

particle is much smaller than the pore size and are
minimized as the particle size approaches the filter pore
size.

In the case where the particle is much smaller

than the pore size,

the concentration of particles

passing through the filter reaches some maximum and
begins to drop off as the filter plugs.

This plugging

serves as a "filter” on top of a filter which becomes
r

less and less permeable with time.

If, however, the

particle is larger than the pore size there is complete
retention even at the onset of filtration.
Using dye suspensions, he looked at the effect of
particle concentration, membrane thickness and surface
area,

filtration pressure,

surfactants and pH.

His

objective was to delineate the impact of these variables
on adsorptive removal.
1.

He found that:

Higher dye concentrations show breakthrough
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sooner than lower concentrations.
2.

Increased membrane thickness or surface area
increases dye removal.

3.

Increased filtration pressure decreased adsorp¬
tive removal.

4.

Surfactants decreased adsorptive removal.

5.

For proteins, maximum adsorption occurred at or
slightly on the acid side of their isoelectric
point.

Elford did not, however,

study the impact of these

variables on bacterial retention in the context of ad¬
sorptive removal;

he had no pore sizes which were much

larger than bacterial cell size.

He does, however,

report some additional findings with Serratia.

He

describes Serratia as an ideal organism for filtration
studies because of its small and uniform size (0.5 to 1.0
ym)

and the ease with which it may be detected by cultur¬

al methods.

There was a minimum initial concentration

of bacteria challenging a given pore size before passage
was seen.

Membrane filters show, however, a definite

pore size end point where no passage is detected regard¬
less of the conditions.

When Elford compared his

calculated estimates of pore size with the size of
particles retained by the filters,
agreed.

generally, the two
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No published reports on bacterial retention by
membrane filters are available for the period from the
mid 1930’s until the late 1960’s.
vening years,

the primary research emphasis was on

bacterial cultivation.
chapter,

During these inter¬

As mentioned earlier in this

great strides were made in the forties and

fifties on the application of membranes as an analytical
tool in microbiology.
In 1967, Bowman,

Calhoun and White

(8) published a

method for the microbiological quality control of membrane
filters.

Previously, Holdowsky (35)

and Bowman (7)

both

reported the utility of membrane filters in the sterility
testing of antibiotics.

An important feature of a

membrane filter used in this application is its ability
to retain any contaminating microorganism in the anti¬
biotic while washing away the antibiotic which would
inhibit growth.

Bowman,

et al’s primary objective was

to develop a standard method to test bacterial retention
in this application.
It was common practice at that time to use either
0.45 pm or 0.22 ym membranes to sterilize solutions.
Experience dictated which pore size to use since some
solutions such as those containing proteins commonly
harbored organisms which passed through 0.45 ym filters.
Pore sizes of 0.22 ym were, therefore, used in these
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situations.

Bowman, et al developed test methods for

the two pore size membranes which were widely used in
bacterial removal,

0.45 ym and 0.22 ym.

Bach pore size

was challenged with a different microorganism.

Their

test apparatus consisted of a glass filter support base
and glass funnel held together with a clamp.

This

apparatus was commercially available and commonly used
in the membrane filter technique for coliform analysis.
The apparatus was fitted into a one liter vacuum flask
containing sterility test medium.
of the equipment,

After sterilization

a sterile membrane filter was placed

between the filter support and funnel and clamped into
position.

Membranes were then challenged with bacterial

suspensions.

The challenge fluid was forced through the

filter by applying vacuum to the side arm flask.
ing filtration,

Follow¬

the filter support and funnel were

aseptically removed and the flask containing the
filtrate was covered and incubated.

The filter was then

transferred to an agar plate and also incubated.

If

confluent growth occurred within the path of filtration
on the membrane filter and no growth occurred in the
filtrates, the membranes were considered completely
retentive.
They used Serratia marcescens ATCC 14756 as the
test organism for 0.45 ym pore size membranes.

The
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organism was grown on peptone-casein agar, harvested

4

and diluted to yield a suspension of from 5X10’
1 X 105 organisms/ml of diluent.

to

One ml of such a

suspension was transferred into 200 ml of sterile peptone
broth and used to challenge the filters.
Bowman et al isolated a new strain which contaminated
a penicillinase solution and was not removed by 0.45 ym
filters.

They identified it as a pseudomonad and applied

it to their test methodology for 0.22 ym pore size
membranes.

The organism was deposited with the American

Type Culture Collection,
as P.

identified to the species level

diminuta and was given the accession number,

The organism was described as a small bacillus
1.0 ym)

19146.

(0.3 ym X

and proved genetically stable to changes in size

after repeated transfers.
testing,

When used in retention

the organism was cultivated in a trypticase

citrate broth to a cell density of 10^ organisms/ml.
Fifty ml of this culture was filtered through a 0.45 ym
filter which was then used to challenge the 0.22 ym
membrane.

This final filtrate was tested for sterility.

Although there were no data presented on the number of
Pseudomonas challenging the 0.22 ym filter,

the authors

describe the tested filter as exhibiting individual
colonies after plating.
in diameter,

Since the membranes were 47 mm

this would suggest a maximum challenge
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level of 10

3

total organisms.

The strong point of this study was the use of micro¬
organisms as test entities in filter performance.
particular,

In

the authors isolated a new organism from a

problem filtration and used it to test 0.2 vim pore size
filters.

They characterized this new isolate's size and

found it to be stable.

There is logic to using micro¬

organisms as indicators of retention,

especially one

which is known to be difficult to remove by filtration
such as their strain of Pseudomonas.
There are, however,

limitations to this study.

The

driving force for filtration was provided by vacuum.
Thus,

the practical maximum pressure drop across the

filter was restricted to about 12-14 psi.

The number of

microorganisms challenging the filter was relatively
low.

This is particularly true for the 0.22 ym filters.

Elford found that bacterial passage was a function of
both bacterial numbers and filtration pressure.

Also,

there were no concomitant physical measurements taken
directly on the filters tested with bacteria.
therefore, be difficult to relate a failure
nonretentive filter)
as bubble point.

It would,

(i.e.,

to some property of the filter such

No quantitation of bacterial passage

is possible by their test method.

A failure due to one

organism passing a filter is indistinguishable from
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massive bacterial passage; no relative removal perfor¬
mance can be determined in this test method.

There are

several aseptic manipulations within the procedure which
could yield either invalid results or false positives.
Rogers and Rossmoore

(53)

extended the work of

Bowman, et al by applying microbiological methods to
determine filter pore size.

They set out to define pore

size as the size of a microorganism which was retained
in high numbers.

To accomplish this, they selected

seven microorganisms which ranged in mean diameter from
1.0 iim to 0.3 urn, the smallest being Bowman’s Pseudomonas
strain.

Their filtration apparatus was similar to that

of Bowman et al.

Filtration pressures were on the order

of 15 psi and 47 mm diameter filters were tested for
bacterial retention.

There are some key differences in

this procedure compared to Bowman, et al.
high numbers of test organisms
of filtrates.

9
10
(10 -10
)

These include
and quantitation

They accomplished the latter by using most

probable number (MPN)

techniques with 10 ml,

0.1 ml aliquots of filtrate.

1.0 ml and

They then calculated reten¬

tion efficiencies according to the following formula:
%

retained =

influent no. cells - effluent no.
influent no. cells

cells

Y

inn

All test organisms were cultivated on soybean casein
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digest agar prior to challenging filters.

Cells were

harvested and prefiltered through coarse sintered glass
filters to remove clusters.

They determined the size

range of each test organism by measuring the dimensions
of 500 cells with an optical microscope.
the dimensions given for P.

diminuta were 0.30 yin in

diameter by 0.9 urn in length;
size determinations of Bowman,
that the

%

For example,

this closely agrees with
et al.

They observed

retention was a function of bacterial numbers.

In other words,

there is a minimum number of organisms

which must challenge a filter before passage.occurred.
This observation corroborates Elford’s earlier findings.
The minimum test number is a function of pore size and
organism size.

They emphasize the importance of high

challenge levels when testing sterilizing filters since,
in actual use,

such filters may be subjected to high
o

bacterial challenges

(10

total organisms).

They found

that their retention results using microorganisms of
known size agreed closely to the pore sizes designated
by the manufacturer.

In addition,

they found that 0.22

ym filters were completely retentive to Pseudomonas
diminuta.
Rogers and Rossmoore introduced several significant
improvements in bacterial retention testing.

They

attempted to quantitate retention performance and used
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high challenge levels of several microorganisms to
maximize filter failure.

They devoted considerable

effort to size characterizations of their test organisms.
Their methods still suffer from many of the limitations
of earlier studies,

though.

There was no physical test

of the membrane filter run in parallel with bacterial
challenging.

Their method of quantifying bacterial

passage incorporates the inherent inaccuracies of the
MPN technique which often estimates counts covering a
ten-fold range.
tested was 10 ml.

The largest filtrate aliquot which they
This would yield insensitive determina¬

tions of low bacterial numbers

(i.e.,

organism/100 ml of filtrate).

In addition,

were grown on rich medium.

less than one
organisms

As will be seen later,

such

cultivation affects cell size.
Prior to 1972, no manufacturer of sterilizing grade
r

filters provided a description of methods for proving
bacterial retention.

In this year,

Pall Corporation (43),

a major manufacturer of filtration products, published a
brochure describing their approach to retention testing.
They used a strain of Serratia marcescens to test the
bacterial retention of pleated filter cartridges made
from an inorganic fibrous substrate (potassium titinate).
Although not true membranes, such filters were, until
recently, widely used to sterilize solutions.

The
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brochure described growing Serratia in nutrient medium
and harvesting during the log phase of growth.

Cells

were washed and resuspended in the supernatant to form
a thick slurry.

This resulted in a viable count of

6.5 X 1011 organisms per gram.

Such suspensions were

stored for up to 1.5 years at -40 to -70°C.

Aliquotes

were removed as needed for testing and resuspended in
a 0.2% gelatin-phosphate buffer for retention testing.
The test procedure consisted of immersing a filter
cartridge into the bacterial suspension which had a
7

viable count of 10

organisms/ml.

volume was specified,
of one liter.

Although no fluid

it was most probably on the order

Vacuum was applied on the downstream

side of the filter and a 10 ml aliquot of the filtrate
was tested for the presence of Serratia.
testing, the cartridge was autoclaved,

Following

flushed with

hot water and held until the test results were deter¬
mined.

If the cartridge proved retentive,

it was

designated as sterilizing grade and sold.
Although the procedure is scant on detail,
shortcomings are evident.

several

Literature prior to this

brochure indicated the appropriateness of Pseudomonas
diminuta ATCC 19146 over Serratia marcescens as a test
organism for sterilizing filters.

No attempt was made

to remove any cells which may have died during frozen
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storage before challenging the filter.

Dead cells and

autolytic debris would compete with live cells for
passage through a porous medium.

The failings of low

filtration pressure and aliquot filtrate sampling have
been discussed previously.
In 1975,

Pall

(44)

described a new approach to

physical testing for filters which would predict their
bacterial retention characteristics.

The method,

called

the forward flow test, was used with filter cartridge
with five ft

of surface area.

In contrast to bubble

point measurements commonly applied to membrane filters,
this test measured the rate of air flow which diffused
through a fibrous type filter medium.

A differential

pressure of 5.25 psi was applied to a wetted filter
element and the air flow rate due to diffusion was
r

measured downstream of the filter.

These flow rates were

compared to the ability of the filters to retain bacteria.
Bacterial challenge tests were performed with P.

diminuta

ATCC 19146 at a concentration of 4 X 103 organisms/ml.
The organisms were placed in tap water and the suspension
was filtered at a one liter/min flow rate of up to two
weeks.

This resulted in total bacterial challenges

ranging from 10

9

to 10

10

organisms.

Small aliquotes of

the filtrate were taken daily and tested for sterility.
No details were provided on the cultivation of Pseudo-
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monas or the impact of tap water on its viability.
Much of the paper describes the theoretical basis
of the physical test method.

There was, however,

limited

data comparing forward flow measurements and bacterial
retention.

The results indicate that below certain

critical air flow rates, no passage was detected.
threshold value of about 190 ml of air/hour,

At a

some filters

exhibited passage but the results were erratic.

For

example, when filters showed flow rates greater than 300
ml/hour,

62%

(8/13) were retentive while 38%

showed passage.

In addition,

(5/13)

several of the filters *

which proved retentive became clogged before the end of
the test.

This would suggest either a variable growth

response of the organism during the test or a variable
particulate load in the feed water.

It should be

emphasized that sterile filtrates were defined from tests
run on small aliquotes.

The key feature of this procedure

was the duration of the test which was run for as long
as two weeks.

Also,

this study was the first to relate

a physical measurement of a filter to bacterial retention.
It does suffer from some of the limitations mentioned
earlier.

These include partial sampling for sterility

and poor microbiological control.

In addition, the

filters tested were not membrane filters.
Price and Pauli

(48)

corroborated Pall's findings
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using essentially the same test methodology on equiva¬
lent filters.
provided.

More details of the test method were

For example,

the organisms were obtained

from a frozen cell paste and dilute in gelatin-phosphate
buffer.

This suspension was metered into a tap water

stream which flowed through the filter.

One hundred ml

samples of filtrates were taken at 0,

4,

2,

6,

24 hour intervals and checked for sterility.

8,

10 and

The results

were compared to air flow rates taken on 15 filters.
Thirteen of the 15 filter elements,

all of which had less

than 100 ml/hour air flow rates, proved retentive in the
test procedure.

Both of those which failed had flow

rates greater than 200 ml/hour.

Thus, the findings of

Pall and Price and Pauli suggest that there is a rela¬
tionship between a physical filter characteristic and
bacterial retention for these types of filters.
relationship, however,
1.

The

is:

Erratic at predicting retention performance at
certain physical test values.

2.

Not necessarily applicable to membrane filters.

In 1976, Wallhausser (64)

published the first in

a series of studies on bacterial removal by membrane
filters.

In this report, he outlines the parameters

more important in the successful removal of bacteria
from pharmaceutical preparations by filtration.

These
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include initial bacterial concentration,
pressure, pore size,

filtration

filtration time and recontamination

of the filtrate during aseptic bottling.

Using P.

dimi-

nuta ATCC 19146, Wallhausser showed the relationship
between bacterial concentration and retention for both
0.2 ]im and 0.45 pm pore size membrane filters.

His data

confirm the results of reports previously mentioned
where higher initial concentrations yield greater passage
and some threshold value

(minimum bacterial concentration)

must be exceeded before passage is observed.
of passage is also a function of pore size.

The extent
He thus

concludes that the bioburden of solutions which are
filtered must be controlled.

He also stresses the

importance of the filtrate volumes to be tested when
determining passage of bacteria and implies that time
can affect the retention of bacteria.

He concludes by

suggesting that the assurance of sterilization by
filtration may be augmented by such concomitant treatment
of solutions as mild heating,

radiation or adding anti¬

microbial agents.
Reti

(51),

in collaboration with this author,

presented a report on physical test criteria used to
evaluate the performance of sterilizing membrane filters
in bacterial retention.

Although the details of experi¬

mental procedures and results of bacterial experiments
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are embodied elsewhere in this dissertation,
useful to discuss the general findings.

it is

This study-

presents results showing the relationship between a
physical measurement
for membrane filters.

(bubble point)

and bacterial passage

The main thrust of this work

centered on describing physical measurements most appro¬
priate to membrane filters.

Pall

(44)

had previously

suggested that bubble point determinations on large
surface area filters

2

(greater than one ft )

are imprecise

due to diffusion of air through a wetted filter structure.
This diffusion of air was not related to pore size but
rather governed by other variables.

Since bubble points

could not be accurately determined for such -large filter
elements,

air diffusion was suggested as a suitable

replacement.

This measurement, the forward flow test,

was taken at differential pressure on the order of 5 psi.
Reti presented in detail the parameters which govern
diffusion of air through a filter and their relationship
to bubble point.

It is useful here to discuss this

relationship since it serves as the basis of physical
measurements used experimentally in the dissertation.
As described earlier, bubble point determinations are
based on the air pressure required to displace a column
of water filling a capillary.

This pressure is inversely

related to the diameter of the capillary.

Bubble point
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determinations of filters are commonly performed by
incrementally increasing air pressure to a membrane
filter wetted with water.
pressure,

At each increment of applied

the downstream side of the filter is observed

for bubbling.

Bubbling indicates the displacement of

water from the pores of a filter by air.

The pressure

at which this occurs is called the bubble point.
is, however,

There

a parallel phenomenon occurring between

the air and water wetted filter.

Fick's Law of diffusion

quantitatively describes this phenomenon.

Conceptually,

a finite amount of gas will permeate through a wetted
porous structure by first dissolving in the wetting
liquid and diffusing throughout this liquid.

The'gas

will desorb on the downstream side of a wetted structure,
the rate of which is related to the gas pressure applied
upstream.

This is expressed according to the following

equations:
N = D

(Fick’s Law)
r

where:
N = permeation rate

(moles of gas/unit time)

D = diffusivity of gas in liquid
C-l = concentration of gas in liquid at upstream
interface
C2 = concentration of gas in liquid at downstream
interface
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-

porosity of structure

L = thickness of liquid in structure

(i.e.,

structure thickness if fully wetted).
and;
C = HP (Henry's Law)
where:
C = concentration of gas
H = solubility coefficient of gas
P = pressure
Combining these equations:

N = PH(3(Pi-P2)
By using Avogadro's Law, N can be converted to air volume
per unit time

(e.g., ml/min).

Thus,

the diffusion pheno¬

menon can be quantitated but only when the differential
gas pressure is less than the bubble point pressure.
This is because the air flow rate at the bubble point is
orders of magnitude higher than that due to diffusional
air flow.

When such variables as the gas and liquid
r

used; membrane thickness and porosity;

and, temperature

are held constant, the diffusional air flow rate is
linear with applied pressure.

There is, however,

a

sharp departure from linearity (slope approaching
infinity) when the bubble point is reached.

It is

important to point out that diffusion of gas through a
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filter is not related to pore size while the bubble
point is directly related to pore size.
Diffusion measurements are useful, nonetheless, but
only when properly applied.

As Pall points out, diffusion-

al air flow is significant if the surface area of the
wetted structure

(filter)

be easily quantitated.

is high and this flow rate can

His recommended pressure

for such determinations is, however,

(5 psi)

inadequate to predict

the ability of a membrane filter to quantitatively remove
high numbers of bacteria.

Membrane filters of different

pore sizes exhibit characteristic bubble points.
example,

For

a 0.8 yin pore size membrane has a bubble point

of about 12 psi while a 0.22 ym pore size membrane shows
a 50 psi bubble point.

Both membranes, however,

are

about the same thickness and contain approximately the
same void volume

(i.e., would hold the same amount of

water when wetted).

If a differential pressure of 5 psi

were applied to each of these membranes,

they would

exhibit about the same air diffusion rate since 5 psi
is much less than their bubble points and diffusional
air flow is not a function of pore size.

In other words,

such a test which is supposed to predict bacterial
retention would judge these membranes as equivalent.
Retention tests described later in this dissertation,
however,

indicate that a 0.22 ym pore size membrane
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is orders of magnitude more efficient in retaining
bacteria.

Thus,

it is inappropriate to run a diffusional

air flow test at low differential pressures

(e.g.,

5 psi)

when testing membrane filters.
Diffusional measurements can still be useful in
determining integrity of membranes.

It is true that the

flow rate of air due to diffusion is significant through
high surface area membrane filters and this air flow
could be confused with a bubble point.

By quantitating

the air flow rate at a differential air (test) pressure
sufficient to cull out large pore sizes,

air flow rate

determinations can indeed be used to measure the reten¬
tion efficiency of a membrane filter.

The test pressure

for quantitating diffusional air flow in sterilizing
membrane filters should be close to the bubble point of
that filter.

If the measured value falls close to that

established from the linear relationship of diffusional
air flow and pressure then this value indicates that
there are no obviously large pores which are allowing
bulk flow of air through them.

Commonly, air flow

diffusion determinations are carried out at a minimum
of 801 of the bubble point pressure.
In summary, bubble point determinations are best
applied to small surface area membrane filters

(<1 ft )

where the diffusional flow of air will not be confused
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with the bubble point.

Diffusion measurements are

useful predicters of retention performance with large
surface area membrane filters

(>1 ft ), but only when

the test pressure approaches the bubble point.
In a later study on bacterial retention,
Kirnbauer (45)

Pall and

set out to establish a relationship

between bacterial retention and a physical test for
membrane filters similar to Reti and this author's work.
These filters were made from polyhexamethyleneadipamine
(Nylon 66).

They point out that scanning electron

micrographs reveal openings in the filter structure which
are considerably larger than the assigned pore size based
on bubble point.

Pall and Kirnbauer go on to describe a

physical test method based on diffusional flow of air
through a membrane filter.

This diffusional air flow

measurement is the self-same determination described by
Reti and this author.

They also describe a similar

approach to quantitating bacterial retention.
tional SEM portrays their test organism,
ATCC 19146,

as a rod shaped bacillus

P.

An addi¬

diminuta

(0.3 pm X 1.0 urn).

There are several clusters of cells indicating aggrega¬
tion of their challenge preparation.

Filtration

pressures of 30 psi and challenge levels ranging from
7

10

1 9

to 10

total organisms were used in testing

bacterial retention.

They present data which show that
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the removal rate of a membrane is fairly constant regard¬
less of the challenge level.

The removal ability, however,

tended to increase as the filter plugged.

These observa¬

tions confirm earlier findings.
Pall and Kirnbauer also proposed a method for
calculating the expected efficiency of a filtration
system composed of multiple layers of filter.

This

calculation is based on knowing the removal ability of a
single filter layer.

For example,

if a single filter

shows a removal ability of X then two such filter would
remove X

2

3
and three layers -would remove X .

They sub¬

stantiate this calculation with experimental resultsobtained on cellulose ester and nylon membranes.

In

the case of 0.45 ym pore size membranes a single layer
7
would remove on the order of 8.1 X 10
organisms.
When
two-0.45 jjm membranes were used in series, no passage
was detected at a challenge of 10^ total organisms.
In other words, Pall and Kirnbauer propose an additivity
of logarithmic retention ability for individual filters
when used in series.

Thus,

they suggest that steriliza¬

tion of solutions may be achieved by a variety of pore
sizes as long as enough depth (i.e.,
multiplicity of filters)

a sufficient

is used.

They present graphically the relationship between
bacterial removal and a physical measurement for a series

s
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o£ pore size filters in a single layer.

It is interesting

to note that their retention results for membranes of
equivalent pore size to those tested by Reti and this
author are higher (more efficient).

This may be due to

the size of their challenge organism.

More on this later.

Using these data and the assumption of removal additivity,
they then calculated the probability of bacterial passage
through a filter of known thickness as follows:
1.

Determine thickness of membranes of a known
physical test value, e.g.,

2.

6 layers.

Determine retention efficiency of a single
membrane of that physical value,

e.g.,

10°

organisms.
3.

Calculate total efficiency
CIO3)6 = 10^ total organism retention.

If you assume a clogging level of 10
i.e.,

13

total organisms,

the practical upper limit of bacterial challenge,

the probability of passage is:
10

10

13

T7

=

10

-5

In other words, the right combination of total thickness
and individual removal ability can dictate the assurance
of sterility.

They conclude by saying that the rela¬

tionship between physical tests and bacterial retention
should be established for each individual filter type.
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The concept of bacterial removal additivity in
serial filtration is important for practical reasons.
Flow rate through a filter is related to pore size
(larger pore sizes give higher flow rates).

If larger

pore size filters can sterilize a given volume of solu¬
tions then the time required to process large batches
could be significantly reduced.

Larger pore size filters

also have higher throughputs

(the volume of fluid

processed before plugging).

So more solution could be

processed before filters need to be replaced.

Thus,

this dissertation will examine more closely the concept
of logarithmic removal additivity.
In two papers describing microbial removal by mem¬
brane filters, Tanny, Meltzer and coworkers

(60,61)

examined the role of adsorption in the removal process.
In their first paper (60) , they studied the purification
of swine flu vaccine by membrane filtration.

Typically,

flu vaccines are filtered through a series of increasingly
smaller pore size filters.
a 0.45 ym pore size.

The final filter is usually

Their experiments consisted of

measuring flow decay (i.e., the flow rate as a function
of time)

and titer loss of the vaccine when filtered

through various types of membrane filters
formed from mixed cellulose esters,

(membranes

cellulose triacetate

and vinyl chloride/acrylonitrile polymers).

They found
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that titer loss was a function of polymer type and not
pore size.

This suggested that different polymers

exhibited varying affinities or adsorption capacity for
the virus.

The most compelling evidence that adsorption

of viruses occurs is contained in their viral titer
determinations.

Clearly, virus loss in membrane filtra¬

tion is a function of membrane type.
In an extension of the previous study,

Tanny,

et al

(61) went on to study bacterial retention by membrane
filters.

The primary objective of this work was to

define the mechanism of bacterial removal by membrane
filters,
removal.

specifically, what role adsorption plays in
This was accomplished by comparing experimental

data with models of particle removal by filtration.
These models distinguish two types of removal:
retention (54)

sieve

and adsorptive sequestration (6).

Each

model is defined in terms of changes in flow rate as
function of time.

Plots of flow rate versus time differ

in shape and slope depending on the predominant particle
removal mechanism.
Tanny et al performed constant filtration pressure
experiments on both 0.45 ym and 0.2 ym membrane filters
47 mm in diameter.
containing P.

They measured flow rates of solutions

diminuta as a function of time.

The

resulting flow decay curves were fitted to the models
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and the goodness of fit determined the predominant removal
mechanism.

The organism was cultivated in soybean casein

digest broth and diluted to various concentrations.
suspensions were filtered under pressures of 5,
and 45 psi.

15,

Cell
30,

Two liter volumes of bacterial suspensions

were filtered and the flow rate at various time intervals
was measured.

In addition, that portion of the filtrate

which was collected at the time of flow rate determina¬
tions was analyzed for the number of microorganisms
passing through the filter.
Results from experiments with 0.45 pm pore size
membranes indicated that bacterial retention (i.e.,

flow

decay) was best fitted to adsorption models of filtra-.
tion.

Passage of bacteria did not occur until some

minimum concentration of microorganisms was exceeded.
Passage was also affected by filtration pressure where
higher pressure gave greater passage.

These last two

observations once again confirm the work of Elford (16,
17).

In contrast,

0.2 pm pore size membranes retained
r

£.

diminuta completely.

Filter performance of this

pore size was independent of organism concentration and
filtration pressure.

Flow decay data fitted best to

the sieve type retention model for this membrane pore
size.
Analysis of flow decay data in terms of these
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models rests on a key assumption that the observed flow
decay is due to the deposition of bacteria in or on the
filter.

Flow decay in filtration of bacterial cultures

is greatly affected by colloidal material such as cell
fragments and proteins, which are smaller than whole
cells.

Flow decay begins by deposition of bacteria and

proceeds as the openings between the bacteria and
membrane elements are filled in by these smaller par¬
ticles.

In this way,

an essentially nonporous layer

of very low permeability can be built.

Since particles

and colloids of many different sizes can play an impor¬
tant role in flow decay,

flow decay in and of themselves

are devoid of information on the mechanism of bacterial
retention.
Adsorptive retention,

as outlined by Elford (18),

should be dependent on several variables which can be
physical or chemical in nature.

Tanny et al described

the physical variable of applied differential pressure
but did not attempt to change any chemical variables.
Adsorption implies an interaction of a particle with a
surface.

This interaction may be due to electrostatic

effects, hydrogen bonding, hydrophobic binding, etc.
Such interactions are dependent on the chemical make-up
of the particle,

its suspending fluid and the surface

with which that particle interacts.

Tanny et al made
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no attempt to directly alter the adsorptive process but
rather depended on the indirect measure of flow decay
to define the filtration mechanism.
Zierdt

(70)

also studied the adsorptive removal of

microorganisms by membrane filters.

His work, however,

dealt solely with filters whose pore sizes were much
larger than his test particles
times).

(on the order of 5-10

Using a variety of membranes differing in their

polymeric construction, he showed that each type could
remove both Gram positive and Gram negative bacteria
from solutions.

Direct examination by scanning electron

microscopy indicated adherence of cells on the surface
and within each filter.

The extent of removal was

dependent on both the type of particle and membrane
polymer.

Zierdt1s measurements of retention was sensitive

up to a removal efficiency of 99%.

While this would be

considered high if the objective of the filtration were
to recover bacteria,

it is very low if the objective is
r

to sterilize the filtrate.

Removal efficiencies of

several orders of magnitude may be needed for steriliza¬
tion.

When Zierdt tried to prevent or reverse this

adsorption by a variety of treatments
various pH buffers)

only Tween 20

partial elution of adsorbed cells.

(6% NaCl,

(0.05%)

serum,

resulted in

No direct measure¬

ment of particle or membrane charge was performed.
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Although Zierdt’s observations indicate adsorption
of microorganisms by large pore size membranes and Tanny
et al suggest a similar mechanism for filtrations where
the particle and pore size approach each other,

it

remains unclear what is the principle mechanism by which
sterilizing filters remove microorganisms.

Once again,

these observations have practical significance.
bacterial removal is due to adsorption,

then,

If

different

solutions containing different microorganisms will respond
differently to filtration.

In other words, the outcome

of a sterile filtration will be a function of what is
sterilized.

This has profound implications to the users

of sterile filtration.
In two related studies, Wallhausser (65,66)
his earlier work on bacterial retention.

expanded

He points out

the artifically large size of bacteria when cultivated
in common laboratory medium compared to the natural
environment and overcomes this size limitation by
"stabilizing" P.

diminuta ATCC 19146 in demineralized

sterile water for periods of up to two weeks before using
them in retention tests.

His results with filter

cartridges show passage of bacteria at challenge levels
of 10^ total organisms.

These results indicate the

importance of bacteria size when testing filter perfor¬
mance.

His work also showed that multiple layers of
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filter material can increase the retention of bacteria.
Thus, he substantiates the observations of Pall and
Kirnbauer (45).
In 1980, Howard and Duberstein (36)

reported

instances of bacterial passage through 0.2 ym pore size
membranes.

These passage events were related to filtra¬

tion studies using naturally contaminated well water as
the microbial challenge source.

A variety of 0.2 ym

membrane filters made from different polymers all showed
penetration by small bacterial cells.

The onset of

penetration was time dependent; penetration was not
observed until after a minimum of 24 hours of filtration.
The majority of isolates were Gram negative rods which
were cytochrome oxidase positive.
isolated.

Spirochetes were also

The organisms which passed through filters

ranged in size from 0.08 ym to 0.4 ym.

Although it is

not clear whether passage was due to a build up of
bacteria (i.e.,

exceeding the retention threshold)

growth of bacteria through the filter,

or

this study clearly

demonstrates the impact of time on bacterial filtration.
The following summarizes the major findings extant
in the literature:
1.

The level of bacterial retention is a function
of the relative bacteria/membrane pore size.

2.

Bacterial retention is affected by both

filtration pressure and organism numbers up to
a finite pore size where retention becomes
independent of these variables.
3.

There can be a relationship between some
physical test measurement of a filter and
bacterial retention but this depends on the type
of filter.

4.

Adsorption and filtration time may affect
bacterial retention but the exact nature of thes
variables is ill defined.

5.

Multiple layers of larger pore size filters may
remove the same number of microorganisms as
fewer Cor a single)

smaller pore size filters.

The remaining chapters of this dissertation will
experimentally reconfirm or modify these findings.

In

addition, the observations both made in this dissertation
and verified from the literature will be brought together
into a unified explanation of the bacterial removal
process by membrane filters.
Since all of the work described in this dissertation
was performed on commercially available mixed esters of
cellulose membrane filters
Bedford, Mass.

01730) ,

(Millipore Corporation,

it is useful to describe how

membranes are made industrially and how they are
routinely tested by the manufacturer.

This will serve
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as a primer on commercial membrane filters and describe
some common terms used elsewhere in this dissertation.
Commercially available membrane filters are produced
by a process known as casting.

This process involves a

controlled phase separation of polymer and solvent.

The

polymers are dissolved in a mixture of solvents and this
solution is then cast or spread in a very thin film onto
flat surface such as a moving belt.

The belt then moves

through an environment that allows for the controlled
differential removal of the solvents.
of the process,

During this part

the polymers coagulate and fall out of

solution or precipitate to form an intricate,

inter¬

locking network of crossed polymer strands which have
spaces or voids

in between the strands.

The typical

structure is shown in Figure 2-1.
By controlling solvent removal, different pore sizes
can be produced with pores ranging from a fraction of a
micrometer to 10fs of micrometers.

Typically,

thousands

of feet of a given pore size membrane are produced at
one time.

Membranes can be cast from a variety of

different polymers which result in filters of different
physical properties.

These properties may include

increased physical strength of the filter,
resistance or thermal stability.

solvent

Physically, membranes

are white and range in thickness from 90-170 ym depending
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Figure 2-1.
Scannin g electron micrograph of
the typical structure of a 0.22 urn pore size membrane
filter. (5000 X)

65

on the type.

Manufacturers can reproducibly make any

thickness desired within +10%.

Because membrane filters

are formed of completely homogeneous polymers,

they

contain no detachable fibers or particles which can work
loose and contaminate a filtrate.
There are a variety of physical characterization
methods routinely performed by membrane manufacturers
in specifying the quality of their products.

They

usually are performed on each lot of filters and often
are related to some end use of the filter.

Thus,

the

characterization will serve to predict a filter’s
utility in a particular application.

A detailed

description of the most common physical tests follows.

Pore size.

Membrane filters are commonly assigned pore

size ratings.

Although scanning electron micrographs

show surface pores with diameters 2 or 3 times larger
than their normal ratings

(Figure 2-1),

interior pores

do correspond more closely to the rated diameters.

This

nominal or effective pore size is arrived at by physical
testing.
Pore size ratings are most commonly determined via
a measurement known as the bubble point test described
earlier in this chapter.

In the test,

a water wet

filter is placed in a holder and the funnel above the
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filter is filled with water.

The air pressure under

the filter is slowly increased until the water is
displaced from the pores of the filter.

This is seen

visually by a stream of bubbles eminating from the
filter, hence the name, bubble point.

The pressure

differential can then be related to pore size as exempli¬
fied in Figure 2-2.

This test procedure can be easily

performed by unskilled operators yielding reproducible
results.

It represents one of the most common in-process

manufacturing tests performed today.

In addition,

the

bubble point principle is also routinely used to test the
integrity of filters during their application in sterile
filtration.

Thickness.

Since manufacturing processes should yield

a membrane filter of controlled thickness,
is commonly measured.

this parameter

Commercially available instruments

allow thickness measurements within 1.0% accuracy.

Well

controlled membrane formation results in filters on the
order of 150 urn _+ 10 ym thick.

Thus,

such a determina¬

tion serves as a control on the membrane formation
process.
\

Porosity.

The porosity of a filter is a measure of the

void volume or free space within a membrane filter.
Typically, membrane filters have on the order of 70-80%
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Graph which plots the relationship
Figure 2-2.
of filter bubble point (BP, in psi) to filter pore
size (in urn) for mixed esters of cellulose membrane
filters.
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void volume, compared to the total outside volume of the
filter.

Porosity is determined by measuring the thickness

and weight of a membrane of a given surface area.
knowing the polymer density,

By

the weight of a solid (non-

porous) polymer film corresponding to the same area as a
membrane can be calculated.

A ratio of the weight of the

membrane to the calculated weight of a solid film times
100 defines the percent porosity.

Pore size,

thickness

and percent porosity are the principle variables which
determine flow time.

Flow time.

Under standardized conditions,

the time

required for a fixed volume of water to pass through a
membrane filter of fixed area is an indicator of membrane
quality.

By defining the temperature and filtration

pressure,

flow time measurements of 100 ml of water

through a 47 mm filter serve as an easily performed
quality control test.

Indirectly,

flow time measurements

predict the time required to process a fluid.
process time, however,

The

is also related to the solids

content of a fluid.

Throughput.

As solids accumulate in or 'on a filter the

flow rate of the fluid will decrease.

Although an

increased filtration pressure will often adjust the flow
rate to former levels,

an endpoint is eventually reached
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where fluid flow essentially stops.
the filter is plugged.

In other words,

Throughput determinations

measure the impact of suspended solids on filter perfor¬
mance.

Artificially contaminated (e.g.,

carbon black)

suspensions are filtered under fixed conditions such as
pressure,

temperature and filter area and the total

volume of filtration to plugging is measured.

Thus,

throughput is expressed in terms of fluid volume.

This

test estimates filter performance in practice and gives
a relative measure of dirt holding capacity for any given
filter.

Direct examination.

Scanning electron microscopy repre¬

sents a power tool in characterizing membrane filters.
Recently developed instruments can easily resolve to 50
o

A.

Detailed inspections of membrane morphology and

composition are virtually routine.

It is also useful in

studying the interaction between membrane filters and
particles.

Extractables.

Manufacturing procedures often introduce

various reagents and extraneous material during a process.
These may contaminate a filtrate if steps are not taken
to remove them from the final filtration product.
Depending on the application,
may affect filter performance.

such extractable material
Examples include microbial
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recovery and microbial removal.
When membrane filters are used to recover and quanti¬
tate microorganisms,

any growth effect which extractables

may exhibit will alter filter performance.

To ensure

membranes are free of any inhibitory or stimulatory
extractables,

some manufacturers have adopted a certifi¬

cation program to guarantee certain extractables are
below a particular limit.
Extractables of any sort are deleterious when
filtering injectable pharmaceuticals.

Chemical solutes

and particles are two examples of extractables which are
monitored.

Routine extraction procedures can be used to

remove any soluble material from a filter which is then
analyzed and the information used to modify filter
manufacture.

Filter flushing followed by particle

analysis of filtrate measures the particle load of
filters.

By understanding the type and amount of

extractables,

either filter manufactures can take steps

to minimize them or filter users can maximize their
removal prior to filter use.
There are other tests which manufacturers will
perform on their products.
stability of filters,

These include the thermal

chemical compatibility of filters

with solvents and toxicity tests.

Usually,

such tests

are not routine but rather are determined for a particu-
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lar filter product during its development and manu¬
facturing process validation.
Many users of membrane filters also independently
characterize filtration products purchased from commercial
sources for a specific application.

Often,

standards of

performance are compiled for the application.

One appli¬

cation which maintains the most critical of standards is
%

sterilization by filtration in the pharmaceutical
industry.

Although filter users may reproduce selected

data from manufacturers before routinely using a parti¬
cular filter,

they have the unique responsibility of

ensuring filter performance during its every day use.
Any filter which is intended to sterilize a solution
should be tested with each use.

The most common in-

process test is the filter integrity test.
tests fall into two broad categories:

Integrity

bubble and

diffusive air flow tests; both were described earlier
in this chapter.
Currently,

these two tests are widely used to check

sterilizing filters.

It is important that such routine

tests of sterilization systems predict the ability of
the system to remove microorganisms,
principle function of the system.

since this is the

CHAPTER

III

EXPERIMENTAL METHODS

Biological

Indicator criteria.

Indicator

The principle function of any steri¬

lization method is to remove or destroy microorganisms.
This function is usually validated by studies which use
a particular microorganism as a biological
performance.

indicator of

One feature common to any biological

indicator of sterilization, regardless of the method,
is an inherent resistance to that method.
Bacillus stearothermophilus,

For example,

the biological indicator

used in thermal sterilization studies, produces spores
which are resistant to heat.

Each sterilization method

has its own biological indicator based on resistance.
Several have been proposed for sterile filtration but
none have won universal recognition.

It is,

therefore,

important to this dissertation that a standard indicator
of sterilization by filtration be selected on the basis
of resistance to removal by filtration.
There are several properties which are key to an
indicator of sterile filtration.
these is organism size.

The most important of

Since sterilization by filtra¬

tion is a removal rather than a destruction process,
size of the microorganism determines
73

its resistance.

the
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The size of a organism subjected to filtration with a
given pore size filter principally determines whether
or not it is removed.
by Elford (16,17).
to its size,

This was quite clearly demonstrated

The shape of an organism,

in addition

is also a determinant of removal.

If an

organism exhibits a significant difference in the length
versus diameter of the cell,

then its orientation when
*

coming in contact with a filter will affect its removal.
A rod shaped organism will be removed with differing
efficiencies depending on whether its smallest dimension
presents itself during filtration.

On the other hand,

spherical organism is independent of orientation.

a

Also,

organisms which occur singly and not in multiple cell
arrangements are more suitable indicators.

This is

because cell clustering artificially increases retention
efficiency (53).

Thus,

an ideal indicator of filtration

performance should be small,

spherical and single-celled.

Since indicator size is the most important charac¬
teristic in determining filter performance,
reason that a stable size is also desirable.

it stands to
An organism

genetically stable in morphologic characteristics will
yield a consistent size even after repeated subculturing.
But genetics alone do not control cell size.

Some

species show variability in size due to factors external
to the cell.

For example,

the genus Arthrobacter
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exhibits several distinctive morphological forms when
grown under various environmental conditions.

Any

indicator of filtration should be genetically stable
and possess a fairly narrow distribution in size when
cultivated under defined conditions.

Thus,

consistent

size during routine culture is also an important trait.
The utility of an indicator in sterilization studies
%

is,

in part,

dependent on the efficiency of its recovery

after the sterilization event.

Typical experiments in

sterilization studies expose test organisms to a variety
of sterilizing conditions and the effectiveness of these
conditions is expressed in terms of test organism
survival.

If a test organism is not capable of repro¬

ducing for reasons other than the effect of test
conditions, then,
estimated.

the impact of test conditions is over¬

In other words,

any organism which survives

sterilization should be amenable to cultivation after
exposure if it is truly viable.

Thus,

the most useful

sterilization indicators are easily grown under defined
recovery conditions so that no growth indicates the
action of the sterilization procedure.

The same holds

true for a biological indicator of sterile filtration.
Two final points round out the selection criteria
for sterilization indicators in filtration.

Filter

performance studies commonly involve handling fairly
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large volumes of bacterial suspensions at high cell
densities under high filtration pressures.

For example,

some experiments described later use several liters of
bacterial cultures at 10
pressures of 50 psi.

organisms per milliliter at

It is not uncommon under these

test conditions that test equipment develop leaks which
release bacteria to the environment.

Any biological

indicator should present minimal hazards of infection.
Also,

any test organism selected to validate

sterilizing filtration should reflect the intended use
of the filter and its environment of use.

Typically,

sterilizing filtration is applied to thermolabile pharma¬
ceutical preparations which cannot be sterilized by any
other means.

Although the bioburden of such preparations

varies widely,

there are some commonly occurring bacterial

species which require removal.

The type of test organism

used in filter performance should reflect what must be
removed during the actual operation of a filtration
process.
In summary,

the ideal biological

indicator of steri¬

lizing filtration should be:
1.

Small,

single celled and spherical.

2.

Genetically and environmentally stable with
respect to morphology.

.

3

Easily recovered after filtration.
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4.

Nonpathogenic.

5.

Representative of organisms commonly occurring
in fluids requiring sterilization.

Indicator selection.

Several organisms have been des¬

cribed as indicators of bacterial removal by filtration.
The earliest studies with dialysis sac membranes used
Vibrio cholerae and Corynebacterium diphtheriae

(40).

The intent of these studies was separation of toxins
from bacterial cultures rather than bacterial removal.
The criteria of pathogenicity, however,
their routine use.
marcescens),

Bacillus prodigiosus

Bacillus coli

bronchisepticus

clearly precludes
(Serratia

(Escherichia coli)

and Bacillus

(Bordetella bronchiseptica) were all used

by Elford to study bacterial removal

(16).

Among these

three candidates, Elford chose Serratia for routine
testing of bacterial removal.
Bowman,

et al

solutions, P.

(8)

isolated a contaminant of protein

diminuta ATCC 19146, which was not complete¬

ly removed by filtration through 0.45
brane filters.
P.

Rogers and Rossmoore

\im

(53)

pore size mem¬
also used

diminuta ATCC 19146 in their filtration studies

reserving it for the pore size critical in bringing about
j

sterilization.

Since its deposition with ATCC,

P.

nuta has been widely used in studies of bacterial
filtration (45,51,61,64-66).

dimi¬
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Choosing P.

diminuta as a biological indicator for

membrane retention uses the same logic as is followed
in the choice of Bacillus stearothermophilus for steam
sterilization and Bacillus subtilis var.
ethylene oxide sterilization (i.e.,
lization).

globigii for

resistance to steri¬

Small-sized pseudomonads rigorously challenge

a filtration system's ability to physically'exclude (and
therefore remove) bacteria.

Pseudomonas diminuta is a

natural candidate for a test organism for several reasons.
It was originally isolated from contaminated solutions
after filtration.
conditions,

Under properly controlled cultivation

the cells are small and are arranged singly.

In addition, the organism is easily maintained and can be
grown to high cell densities in a short time.
it is non-pathogenic
is).

Thus,

Finally,

(as non-pathogenic as any bacteria

it meets the selection criteria described

previously and is the primary test organism used in the
work described in this dissertation.

Indicator characteristics.
small,

P.

diminuta ATCC 19146 is a

asporogenous Gram negative rod with a mean

diameter of 0.30 ym (8).

It possesses a single polar

flagellum that has a uniquely short wavelength on the
order of 0.6 ym (Figure 3-1).

Macroscopically,

P.

dimi-

—u^a forms small colonies 1-2 mm in diameter on soybean
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Figure 3-1.
Transmission electron micrograph
(negative stain preparation) showing P, diminuta ATCC
19146 with single polar flagellum. (23T, OD'O

Y)-
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casein digest agar after incubation for 48 hours at

30°C.

The colonies exhibit a light tan pigment and are round
and slightly convex with entire edges.
In contrast to many other pseudomonads,
shows limited biochemical activity.
not produce acid from glucose,

P.

diminuta

The organism does

and most carbohydrates

are not used by the organism as carbon sources.
of the diminuta RNA homology group

(Group IV)

genus Pseudomonas described by Palleroni

A member

of the

(46),

P.

diminuta

is characteristically cytochrome-oxidase and catalase
positive.

The organism is an obligate aerobe that ful¬

fills its energy requirements via respiration.

It is

somewhat fastidious in that it requires certain growth
gactors

(B vitamins)

Doudoroff,

for propagation.

Ballard,

and Stanier provide a more comprehensive

review of this organism’s taxonomy and physiolo gy Cl) .

Indicator cultivation.

Most of the previous studies on

bacterial removal by filters did not consider the impact
of cultivation of cell morphology.

The next section of

this dissertation describes experimental results which
measure the effect of cultivation on the morphology of
P.

diminuta.
Use of a bacterium for retention testing requires

not only selection of an appropriate test species,

but
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also careful consideration of handling conditions.

In

much the same way that D values can fluctuate for a
particular strain of B.
the size of £.

stearothermophiTus spores

diminuta and,

(47) ,

for that matter, most other

microorganisms can vary during different phases of growth
and with different cultivation media.
by two factors:

Size is controlled

the organism’s inherent genetic traits

and the expression of these traits in a particular environ¬
ment.

As its name suggests,

small;

its size, however,

P.

greatly depends on factors

external to the organism.

Two factors which influence

size include population dynamics
nutrient sources

Growth cycle.

diminuta is inherently

(growth cycle)

and

(growth media).

The size of an organism changes as the

organism goes through various phases of growth.

Figure

3-2 shows a typical bacterial growth curve which plots
both log of bacterial mass

(a measure of size)

of bacterial numbers versus time of incubation.
late 1920’s, Henrici

(33)

and log
In the

observed that freshly inocu¬

lated cells show a size increase during the lag phase
of bacterial growth and become smaller again during the
period of declining growth rate.

It is during the lag

phase that the organism adjusts to a new environment
(Figure 3-2).

In so doing,

the cell increases its
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Figure 3-2.
Generalized bacterial growth curve
which plots the base 10 logarithm of both cell number
and cell mass (size) as a function of time.
Arrow
in upper left corner indicates the transition from
exponential to stationary growth phase when cells
decrease in size.
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intracellular components
enzymes)

(ribosomes, nucleic acids,

and thus prepares for the increase in the

cellular division rate that follows.
ment,

After this adjust¬

the organism enters the exponential growth phase,

a time of rapid growth.

During the transition from the

exponential to the stationary phase,

cells again become

smaller because they divide faster than they increase
in size

(Figure 3-2,

arrow).

This is because the

organism is still capable of maintaining a growth rate
(i.e.,

continuing to divide) by using intracellular

reserves even through extracellular nutrients are
depleted.

As the cell depletes the intracellular

reserves,

its size decreases to a minimum and the

population enters the stationary phase of growth.

The

stationary phase is that period of growth during which
the number of cells no longer increases,

i.e.,

during

which there is essentially a zero growth rate.
Stationary-phase cultures are clearly the most
appropriate for bacterial-retention testing of membrane
filters due to cell size.

Some caution, however, must

be exercised in employing stationary-phase cultures.
Although there is no net increase in bacterial numbers,
the population is still in a dynamic state.
cells continue to divide at a basal rate,
because of the severity of the environment

While some

others die
(lack of
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nutrients and accumulation of waste products).

Cultures

from late stationary phases may have a level of viable
cells equivalent to that of early stationary phase
cultures, but they also contain many non-viable cells
and autolytic debris.

The entire surface of a membrane

must be challenged with viable bacterial cells in order
for the retention test to be severe.

If significant

portions of the membrane become clogged with debris,
viable cells cannot effectively challenge that portion
of the membrane since they cannot enter the pores.

The

particulate debris and viable cells will in this case
compete for entrance into the membrane;

retention test

results may be falsely negative if defects or large
pores are filled with debris.
fore,

It is advisable,

there¬

to choose early stationary phase cultures for

retention testing.

Cultivation media.

Pflug and Holcomb

(47)

reviewed the

literature on cultivation conditions and their impact on
the thermal resistance of B.

stearothermophilus spores.

Such variables as temperature of incubation, medium
composition and sporulating conditions changed the heat
resistance of the spores.
however,

No equivalent reports,

exist which specifically address cultivation

conditions and their impact on size of organisms used
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in bacterial retention studies.

This section considers

the effect of various cultivation conditions on P.

dimi-

nuta as an indicator of bacterial removal by filters.
Schaechter, Maaloe,
profound changes,

and Kjeldgaard (56)

observed

caused by different cultivation media,

on cell size and intracellular composition (RNA and DNA)
of Salmonella typhimurium.

They concluded that size and

composition were dependent on the growth rate afforded
by different media;

an increase in growth rate resulted

in an increased cell size.

This would suggest that

richer media yield larger cells while poorer media favor
small cell size.

Other workers have substantiated this

observation with other microorganisms

(34,39).

Few workers in the field of bacterial filtration
describe the cultivation of indicator strains.
et al

Bowman,

(8) were the first to describe in detail a culti¬

vation medium for retentiontesting and used this medium
for cultivating P.

diminuta ATCC 19146.

The medium

contained 21 trypticase as a mixed carbon/nitrogen
source and 0.61 sodium citrate.

Small volumes

(50 ml)

of culture were inoculated and incubated until the
viable cell count reached approximately 106 cells/ml.
Wallhausser (65)

suggested cultivation of P.

dimi¬

nuta in sterile deionized water as the sole medium
constituent.

Seed cultures of the organism were grown

in soybean casein digest broth,

centrifuged,

resuspended

and inoculated into flasks of sterile deionized water.
After one week incubation an aliquot was transferred to
a fresh preparation of sterile water and incubated an
additional seven days.
10

Viable counts were from 10^ to

organisms/ml after each incubation period.

The

final preparation was then used in retention tests.
An additional medium,

saline-lactose

is proposed here for the cultivation of P.

(SL)

broth,

diminuta.

The formulation consists of 30 ml of lactose broth
diluted with 970 mis of reagent grade water containing
7.6 g of NaCl.
P.

Twenty-four hour old seed cultures of

diminuta are inoculated into SL broth and incubated

for 24 hours at 30°C.
in retention tests.
of P.

SL broth cultures are then used
Besides providing smaller size cell

diminuta (discussed later in this section),

SL

broth is easily prepared from commercial sources of
common medium components.
Various cultivation media were tested for their
impact on the size of P.

diminuta ATCC 19146.

The

evaluation criteria were:
1.

Maximum cell density at early stationary phase
of growth.

.

2

Generation time during exponential phase of
growth.
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3.

Cell size at maximum cell density.

4.

Time required for medium preparation,

inocu¬

lation and incubation.
The optimum medium is that which provides the smallest
cells at the highest density in the shortest time with
the minimum of manipulations.

Evaluation of cultivation media.
luated.

Soybean-casein digest

Four media were eva¬

(SCD)

broth cultures,

representative of media used in many early retention
studies, were prepared as follows.

Commercially available

broth medium (Trypticase Soy Broth, BBL) was reconstituted
and sterilized according to manufacturer’s directions.
Seed cultures
of P.

(10 ml)

of TSB were inoculated from slants

diminuta and incubated at 30°C for 24 hours.

One

ml aliquots were then transferred to sterile SCD broth
and incubated at 30°C in one of two ways:
culture

(no agitation)

Trypticase-citrate
water cultures

standing

and shaken culture

(TC) broth (Bowman,8)

(200 RPM) .
and deionized

(Wallhausser,65) were prepared,

and incubated as described by the author(s).

inoculated
Deionized

water was prepared by passing tap water through a mixed
bed (cation and anion)

ion exchange resin.

Resistivity

of the resulting water was greater than one megaohm.
Saline lactose

(SL) broth was prepared,

sterilized,
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inoculated and incubated with and without shaking as
with SCD broth.

All culture media were prepared in one

liter quantities in cotton stoppered two liter erlenmeyer
flasks.
Growth curves for each culturing system were
constructed by determining viable count
spread plates)

as a function of time.

(triplicate
The culture was

sampled immediately after inoculation and at fixed time
intervals thereafter.
average count
(in hours)

The base ten logarithm of the

(organisms/ml) was plotted versus time

on linear graph paper.

Exponential growth

rate constants and generation times were calculated
according to the methods of Stanier, Adelberg,
Ingraham (59).

and

Growth curve determinations on each

medium were carried through the maximum stationary phase
and replicated three times.
Once the growth curve was established for each
system,

samples of culture were taken at the early

maximum stationary phase

(within one hour of onset of

zero slope in the growth curve)
tion and examined in three ways:

for morphologic examina¬
wet mount preparations

with phase contrast optical microscopy (1000 X) ;

Gram

stain preparations with bright field optical microscopy
(1000 X)

and scanning electron microscopy (SEM).

examinations were performed as follows.

Bacterial

SEM

suspensions were filtered onto 0.05 ym pore size membran
filters and fixed in situ overnight in a formaldehyde/
glutaraldehyde

(2%)

solution.

Filters were rinsed in

several changes of 0.1 M cacodylate buffer over an eight
hour period.

Samples were post fixed overnight with 2%

OSO4 in 0.2 M s-collidine buffer.

Filters were rinsed

with water and then dehydrated with increasing concen¬
trations of alcohol to a final concentration of 80%.
Samples were air dried and mounted onto specimen stubs
for SEM analysis.

All samples were sputter-coated with

gold and viewed by secondary electron emission in a
Hitachi Model S-450 scanning electron microscope at
Samples were viewed at 1,000,

30KV.

5,000 and 10,000 X magnifi¬

cation and electron micrographs were taken at approxi¬
mately 10,000 X.

Several areas were viewed to obtain

an overall estimation of typical morphology.
Table 3-1 contains the maximum cell densities
(organisms/ml)

and generation times of P.

under the various test conditions.

diminuta grown

Figure 3-3 through

3-7 are representative scanning electron micrographs
(SEM)

of P.

diminuta from each of the cultivation

systems.
Shaken cultures of SCD broth provided both the
shortest generation times
densities

(0.95 hours)

(4 X 109 cells/ml).

and highest cell

Growth was evenly distri-
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buted throughout the agitated flask.

Total culturing

time was 38 hours from inoculation of seed culture to
onset of maximum stationary phase.
tion of cultures

Microscopic examina¬

(phase and brightfield microscopy)

revealed cells with little detrital material in the
preparations.

Examination of Gram stains showed cells

which were distinctly rod shaped.

Many of the cells

were arranged in rosette-like clusters.

This multiple

cell arrangement was even more pronounced in wet mounts
where preparations resembled 4+ serologic agglutination
reactions.

The characteristic morphology from this

cultivation system is most clearly demonstrated in the
electron micrograph of Figure 3-3,
of single cells

The average dimension

(determined from 100 measurements which

disregarded cells undergoing division) was 1.2 pm by 0.3
urn.

This gives an aspect ratio

diameter)

of 4.

(ratio of length to

The three dimensional nature of the cell

clusters is clearly evident in the electron micrograph.
Cell clusters often contain more than twenty individual
cells.

These cells are arranged around a central point

with the rod-shaped organisms radiating outward along
their long axis.

This effectively results in a single,

roughly spherical particle about 3 ym in diameter.
Standing (no agitation)

cultures of P.

diminuta

in SCD broth gave generation times of 1.1 hours and
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. Figure 3-3.
Scanning electron micrograph of P.
diminuta ATCC 19146 cultivated under agitation in ~
soybean casein digest broth. (10,000 X)

*
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maximum cell densities of 2 X 10
case,

9

cells/ml.

In this

growth was not evenly distributed throughout the

flask;

growth was most dense at the gas/liquid interface

and decreased into the depth of the broth.

In addition,

a heavy surface pellicle was formed by the end of cultiva¬
tion.

Total culturing time for this system was also 38

hours.

Microscopic examinations in the light microscope

revealed cells similar to shaken SCD broth cultures but
with a marked increase in detrital material.

Cell

clusters were evident and individual cells were distinctly
rod shaped.
logy.

Figure 3-4 presents the typical cell morpho¬

Again, multiple cell clusters are seen and

individual cells are essentially the same size as in
shaken SCD broth cultures

(1.1 ym by 0.3 ym).

The aspect

ratio of individual cells was 3.7.
The cultivation system as outlined by Bowman et al
(8) yielded growth kinetics and cell densities different
than those seen in SCD broth systems.

Average generation

times were more protracted (1.3 hours)

and the maximum

density was on the order of 2 X 108 organisms/ml at the
onset of maximum stationary phase.

A slight surface

pellicle was evident after incubation.

Total culturing

time to onset of maximum stationary phase was 44 hours.
Direct examination of cultures with the light microscope
showed both detrital material and rod shaped cells.
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Figure 3-4.
Scanning electron micrograph of P.
diminuta ATCC 19146 cultivated without agitation in
soybean casein digest broth. (10,000 X)

'
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Clustering was less evident although individual clusters
appeared identical to those seen in SCD broth cultures.
Figure 3-5 demonstrates the characteristic morphology
of P.

diminuta in TC broth.

Aspect ratios were 3.0

where the average cell dimension was 0.9 ym by 0.3 ym.
Repeated attempts at culturing P.

diminuta in

sterile deionized water failed to result in any growth.
Rather, numbers of viable cells decreased over the
incubation period of one week.

Light microscopic

examination revealed cells of variable morphology and
an increasing accumulation of debris with increasing
time.

In addition,

the rate of cell number decrease

was not reproducible within replicates.
b,

Figure 3-6 a,

and c demonstrates the morphology at inoculation,

three days and seven days,

respectively.

Cells appear

to degenerate morphologically with increasing incubation
time.
SL broth cultures incubated with and without
agitation provided equivalent results.

Generation times

were 2.6 hours and maximum cell densities were 2 X 10^
organisms/ml.

Total incubation time from inoculation

of seed culture to onset of maximum stationary phase in
SL broth was 46 hours.

Gram stain preparations revealed

nearly spherical single cells and little detritus was
observed in such preparations.

This characteristic
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Figure 3-5.
Scanning electron micrograph of P.
diminuta ATCC 19146 cultivated in trypticase-citrate
broth. 0-0*000 X)
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Scanning electron micrograph
Figure 3-6a
P. diminut a ATCC 19146 inoculated into sterile
cfeionized water. (10,000 X)
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Figure 3-6b.
Scanning electron micrograph of P.
diminuta ATCC 19146 after three days incubation in ~
deionized water. (10,000 X)
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Figure 3-6c.
Scanning electron micrograph of
diminuta ATCC 19146 after seven days incubation in
deionized water. (10,000 X)
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morphology is clearly evident in Figures 3-7.
aspect ratios were 1.5

(0.42 um by 0.28 pm)

Average

and ranged

from 1 to 2.5.
The paramount characteristic of a biological indica¬
tor of filter performance is size.

Clearly, _P.

diminuta

shows wide variations in size as a function of growth
conditions.

By all outward appearances,

the micrographs

of Figures 3-3 through 3-7 would seem to be of different
microorganisms.

At the extremes,

SL broth provides

single cells which are nearly spherical while SCD broth
yields distinctly rod shaped organisms which occur in
multiple cell clusters.
The overall size of the organism decreases with
increasing generation times.

This is in agreement with

observations reported in the literature

(56).

This

increase in generation time appears to be a function of
nutritional content of the cultivation medium.

Precise

determination of carbon and nitrogen source content is
difficult since these media are in reality complex and
ill-defined.

They are composed of such nutrient sources

as peptones and meat extracts.

There are, however,

obvious differences among the various media studied here.
For example, SCD broth contains complex nutritional
sources in the one to five percent concentration range.
In contrast, SL broth contains similar complex nutrients
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Figure 3-7.
Scanning electron micrograph of P.
diminuta ATCC 19146 cultivated in saline lactose
broth. [*12,000 X)

Ill

but in concentrations much lower than SCD broth (0.01%).
Thus, SL is a poorer medium nutritionally and results in
slower growth with concomitantly smaller cells.
this argument to the limit,
which, by analysis,

deionized water cultures

showed the least nutritional content

(<10 ppm total organic carbon).
conditions, however,
off)

of Pseudomonas.

Taking

Such cultivation

resulted in no growth (actual die¬
Based solely on the size criteria,

SL broth cultures provided the preferred morphologic
state of P.

diminuta for retention studies,

i.e.,

small,

single, nearly spherical microbial cells.
There are two interesting features of the morphologic
changes that P.

diminuta exhibits under different culti¬

vation systems.

The first is the dimensional changes

exhibited by individual cells while the second is the
formation of multiple cell arrangements under certain
cultivation conditions.
individual cells,

When considering the changes in

it is clear that the dimension pre¬

dominantly affected by varying cultivation conditions is
organism length.

For example,

the change in cell length

between SCD and SL broths was on the order of 65% while
the change in diameter from the same two media was 7%.
A review of the literature offers no conclusive explana¬
tion of this phenomenon.

Why an organism would assume a

spherical structure under less favorable environmental
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conditions may be due to the superior structural
strength that spheres provide.

Since bacterial cells

exhibit high internal osmotic pressures a spherical
structure would better withstand differences between
external and internal pressures of the cell when nut¬
rients, hence,

osmotic pressures, are low.

The formation of multiple cell arrangements,
excluding those due to cellular division,
in the microbial world.
pursued in this study.

are more rare

Two possible explanations were
Since P.

diminuta possesses a

single polar flagellum (Figure 3-1) perhaps the flagella
from several cells become intertwined to form rosettes.
This seems unlikely, however;

cells from SL broth

cultures are also motile, yet do not form rosettes.
addition, examination of P.

In

diminuta rosettes by trans¬

mission electron microscopy with negative staining (a
technique which highlights flagella)

reveals cells with

flagella randomly oriented either inward or outward
(Figure 3-8).

Another possible explanation lies in the

formation of a macroscopic surface pellicle during
growth.

This explanation was borne out in another

electron microscopy technique.

Cells from media which

yielded clusters were prepared for thin section examina¬
tion by transmission electron microscopy (TEM).

The

staining procedure included rubidium red as a reagent.
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Figure 3-8.
Transmission electron micrograph
of a negative stain preparation with P. diminuta
ATCC 19146.
Micrograph shows random orientation
of flagella around a cell cluster. (20,000 X)
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This reagent has a high affinity for polysaccharide
material and is also electron dense.

Thus,

TEM prepara¬

tions which contain polysaccharide stain "darkly”.
Figure 3-9 contains such an electron micrograph.

An

area of diffusely but dark stained material external to
the cells is concentrated in the center of the rosette.
This material seems to hold the cells in their rosette¬
like formation.

What remains unanswered is the consistent

orientation of the cells with the poles originating from
a central point.
So far in this discussion, SL broth cultures provided
the optimum morphology of P.
ing.

diminuta for retention test¬

The results reported here, however, contradict

observations reported in the literature.

Specifically,

TC broths provided higher cell densities than reported
by Bowman et al

(8)

and Wallhausserfs

(65) water culture

technique failed to support growth of P.

diminuta.

Cell densities in TC broth were two orders of

g
magnitude higher than noted by Bowman et al
10^ organisms/ml).

(10

versus

Their description of cultivation does

not include growth curve information or times of incuba¬
tion.

Rather, they suggest to incubate until the density

reaches 10^ organisms per ml.

Based on observations from

experimentation described here such cultures would not
be in the maximum stationary phase.

Examination of cell
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Figure 3-9.
Transmission electron micrograph
of a thin section preparation with P. diminuta
ATCC 19146 stained with rubidium re<I.
Micrograph
shows densely staining polysaccharide material
in the center of cell cluster. (15,000 X)
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morphology at population densities of 10^/ml reveal
cells larger than at the stationary phase in TC broth
systems.

This would suggest the inappropriateness of

their recommendations when cultivating P.

diminuta for

retention testing.
The second contradictory finding in this study was
failure of P.
cultures.

diminuta to grow in deionized water

These results are perhaps not surprising when

one considers water purification by deionization and its
potential impact on microbial cultivation.

Water purifi¬

cation by deionization is accomplished by passing raw tap
water through either a mixed bed (cation + anion)

ion

exchange resin or a sequential passage through anion,
then cation exchange resins.

This results in water which

has been purified of charged contaminant species.
however,

the water contains uncharged contaminants these

pass through the purification system unchanged.
example,

If,

For

if the water contained a phenolic based organic

contaminant,

the concentration of this contaminant before

and after deionization would remain essentially the same.
Thus,

the initial nonionized toxic quality of the tap

water with respect to such contaminants would determine
its utility in microbial growth.

Also, many potential

nutrients for microbial growth may or may not be removed
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by deionization.

It is not surprising,

therefore,

that

any two divergent sources of water purified by deioniza¬
tion would exhibit different cultivation characteristics.
This is evident by WallhausserTs own observations where
cell densities after cultivation could differ by two
orders of magnitude

(10

5

to 10

7

organisms/ml).

One of

the objectives of developing a cultivation system for an
indicator of sterilization performance is to obtain
consistent, reproducible results.

Clearly,

deionized

water does not fulfill such an objective.
Some inconsistencies internal to this study warrant
discussion.

In the case of SCD broths,

there were

differences observed when comparing agitated and unagi¬
tated cultures.

For example,

cell densities were higher

by a factor of 2; no pellicle was formed;

growth was

evenly distributed;

and, cells were slightly larger in

agitated cultures.

In contrast, no differences were

observed in agitated versus unagitated SL broth cultures.
Obviously,

the distribution of growth and formation of

pellicle would be affected by the mere mechanical action
of agitation in the case of SCD broth but why are there
no such differences seen with SL cultures.

A possible

explanation lies in the aerobic nature of Pseudomonas
and the relative growth rates afforded by the two media.
Rapid growth of obligate aerobes is often limited by
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oxygen.

This is the principle reason for agitation

during incubation.
oxygen transport.

An agitated culture flask facilitates
Growth rate can also be limited by

nutrient concentration.

In the case where there are high

concentrations of nutrients,

oxygen concentrations could

become the growth limiting factor
concentrations;

(increase oxygen

increase growth rate).

If, however,

nutrients are the limiting factor then increased oxygen
concentrations would not affect growth.

SL broth differs

from SCD broth in nutrient concentration by two orders of
magnitude

(ones of percent for SCD versus hundredths of

a percent in SL).

Thus,

growth in SL broth is most

probably nutrient limited, not oxygen limited,

and

facilitated oxygen transport through agitation would
not affect growth rate.

Pellicle formation may also be

nutrient concentration controlled.

In environments which

allow complete expression of genetic information without
a competition for energy (ATP),

such properties as extra¬

cellular product formation would be allowed.

Poorer

environments may require ’’prioritization” of cellular
functions to first satisfy basic functions such as
cellular division.

To draw an anthropomorphic analogy,

a diet of hot fudge sundies allows for a variety of
biochemical pathways to store fatty acids while ingestion
of low caloric green salads precludes adipose tissue

formation (an observation repeatedly made by this
author) .
When judged solely on size criteria,

SL broth

cultures were best suited for producing small cells.
Other systems of cultivation such as SCD and TC broths,
however, yielded higher cell densities.

In addition,

the time and effort of preparation with these systems
were equal to or less than that of the SL broth.
theless,

None¬

the large differences observed in cell size

among the systems studied here strongly argues for SL
broth cultivation.

Also,

the large proportion of cell

clusters which would artificially increase retention
by filters

(53)

preclude SCD and TC media for growing a

biological indicator of retention.

Thus, SL broth

was used throughout this study to cultivate P.

diminuta

ATCC 19146.
Based on the observations described in the previous
section, SL broth cultures proved optimal for cultivatin
P.

diminuta with respect to size.

This section further

examines the utility of SL broth culture in retention
testing.
1.

Specific questions considered here are:
What is an acceptable maintenance and inocula¬
tion regimen for routine use of P.

2.

diminuta?

What is a typical cell size distribution after
cultivation in SL broth?
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3.

What methods of recovery are most efficient
in detecting P.

4.

diminuta in fluid filtrates?

How will retention test procedures affect cell
viability?

Whenever any pure culture is used in an experimental
procedure,

care must be taken to lower the probability

of any mutational change that may alter any important
characteristics of the test organism.
characteristic of P.

Although the size

diminuta appears to be stable

(8) ,

stringent controls must still be implemented in the
maintenance and growth of this test species.

Figure 3-10

outlines a regimen for maintenance and use of P.
as a retention testing organism.
culture of P.

Periodically,

diminuta
a new

diminuta 19146 is acquired from ATCC.

The

lyophilized culture is resuspended in an appropriate
growth medium and incubated at 30°C until turbid.

The

resulting culture is streaked onto agar plates so that
its purity can be checked.

Colonies showing characteris¬

tic morphology are isolated and then examined in two ways.
the isolate is inoculated into SL broth.
incubation,

Following

the broth culture is used to test the filtra¬

tion characteristics of the newly acquired strain.

The

broth is filtered through 0.45 ym pore size membranes
with known retention properties.

Passage through the

membrane indicates the proper size characteristics.
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Figure 3-10.
Flow schematic which describes the
maintenance and inoculation regimen for P. diminuta
ATCC 19146 used in bacterial retention testing.

PROCEDURE
124
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Second,

isolates are biochemically and morphologically

examined to see if they possess the taxonomic character¬
istics of P.

diminuta.

Table 3-2 lists the biochemical

tests and reactions typical of P.

diminuta.

Once it has

been determined that the new culture is characteristic,
several agar slants are inoculated from the streak plate,
incubated at 30 + 2°C for 48 hours,
frozen,

at -70°C.

sealed,

and stored,

Alternately, they may be stored under

mineral oil at 4°C for two months.

When needed,

slants

are removed from storage to serve as sources of subse¬
quent inoculations.
retention test,

When a culture is needed for a

a 25 ml flask of SCD broth is inoculated

from the stock culture and incubated at 30
24 +_ 2 hours with agitation (200 RPM) .

+_

2°C for

Three milliliters

of this broth culture are transferred to each liter of
sterile SL broth and the flask is incubated at 30 _+ 2°C
for 22 _+ 2 hours without agitation.

After incubation,

the SL broth culture is checked for purity, biochemical
and morphological properties and for filtration charac¬
teristics as before.
retention testing.

The culture is then used for
This method has been successfully

employed for repeated cultivation of P. 'diminuta with
no apparent change in the properties of the organism.
All populations of living things exhibit variations
in measured characteristics.

For example, microorganisms

TABLE 3-2
CHARACTERISTIC TRAITS OF P.

PIMINUTA

Test

Result

Spore formation
OF glucose medium, open
OF glucose medium,

sealed

Indole
Methyl red
Acetylmethylcarbinol
Gelatinase
Aerobe

+

Catalase

+

Cytochrome (Indophenol)

oxidase

Growth on MacConkey Agar

+
+

Denitrification
DNAse Endonuclease (DNAse Test Agar)
Centrimide tolerance

+
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vary in size within a population of a pure culture.
Since size is the single most important characteristic
in determining bacterial removal by filtration,
estimate of the size distribution shown by P.

an

diminuta

grown in SL broth would be useful in understanding the
retention properties of filters.

This will become

apparent in later chapters.
The size distribution of P.
as follows.

diminuta was determined

Cultures were inoculated and incubated in

SL broth as described previously.
for SEM examination.

Samples were prepared

Micrographs of the cells were taken

from several cultures prepared on different days.

The

largest dimension of individual cells was measured by an
ocular reticle with a calibrated measuring scale.
Measurements were performed on 200 cells.

Figure 3-11

contains a histogram which plots frequency of measurement
versus dimension (urn).

The distribution in sizes ranged

from 0.24 ym to 0.40 ym where 90% of the population fell
between 0.26 to 0.39 ym.
and the mean cell size

The median cell size

(0.28 ym)

(0-32 ym)

suggesting a distribu¬

tion with a slight shift to larger cells

(skewed distri¬

bution) .
A major limitation of published studies on the
retention characteristics of membrane filters is their
methods of detecting P.

diminuta in filtrates.

These

128

Figure 3-11.
Histogram which plots frequency of
P. diminuta ATCC 19146 cell sizes when grown in SL
Froth.
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methods were largely qualitative
growth)

and insensitive

filtrates).

(i.e.,

(i.e.,

growth or no

aliquot sampling of

An improved methodology would allow for

the quantitation of a single viable organism passing
through a filter.

Quantitation of viable microorganisms

can be carried out by statistical estimation (most
probable number technique), plate count assay or the
membrane filter (MF)

technique.

Of these methods,

only

the MF technique allows quantitation of viable cells when
they are present in low concentrations.

Retention

testing often employs large volumes of test fluids
to 100 liters)

(one

in which the presence of single organism

is significant.

The preferred method of testing filtrates

for P.

therefore,

diminuta,

is the MF technique.

In

those instances where the rate of passage is high,
greater than 10 organisms/ml in filtrate),

(i.e.,

then spread

plates are a useful substitute.
Experimentation was performed to determine the
utility of the MF technique in detecting and quantitating
low numbers of P.
P.

diminuta.

An SL broth culture of

diminuta was diluted to extinction (so that a one ml

portion of the dilution would contain either a low number
or no cells).

Twenty replicates of these one ml samples

were tested for the presence of P.
four ways.

diminuta in one of

The first method was the MF technique where
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each sample was filtered through a 0.45

m pore size

membrane filter and plated on SCD agar.

The second

method was essentially the USP XX membrane filter
sterility test where samples were filtered and the
entire membrane was immersed in SCD broth.

The third

and fourth methods served as controls and consisted
of either direct inoculation of the sample into SCD
broth or spread plating of the sample on 150 mm petri
dishes containing SCD agar.

All recovery media were

incubated at 30°C for 7 days

(examined daily).

resulting growth was verified as P.

diminuta.

experiments were replicated five times.

Any
Recovery

Table 3-3

contains the number of positive cultures by each method
for 100 test samples

(20 samples X 5 replicated experi¬

ments) .
TABLE 3-3
COMPARATIVE RECOVERY OF P. DIMINUTA
BY FOUR SAMPLING METHODS
_Recovery Method_
Spread
MF/Plate
MF/Broth Broth
Plate
Number Positive
(out of 100
Replicates)

45

Total Colony
Count (from
100 Replicates)

131

45

42

-

-

43
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Direct inoculation into SCD broth provided a total
of 42 positive results while direct plating yielded 43
positive plates
125).

(total colony count on all plates equaled

Filtration of samples followed by immersion of

the membrane in SCD broth gave 45 cultures positive for
P. diminuta; membrane filtered samples plated onto SCD
agar were also positive in 45 samples
on all membranes equaled 131) .

(total colony count

These results suggest

that the methods were essentially equivalent in detect¬
ing low numbers of P.
addition,

diminuta in fluid samples.

In

comparison of the MF technique versus spread

plates showed equivalency of these two methods for
viable count determinations.
provides concentration of P.

Since the MF technique
diminuta which have passed

through filters in large fluid volumes and their subse¬
quent quantitation;

and, since this method was equal

in sensitivity to other methods, membrane filtration
of filter effluents followed by plating on SCD broth
was used in testing retention efficiency.
cases, however, when the rate of passage
microbial content of filtrates)

In those
(i.e.,

the

did not require

concentration, normal dilution and plating techniques
were employed.
One feature critical to filter retention testing
is the application of elevated filtration pressures.
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Elford clearly demonstrated the dependency of retention
on applied differential filtration pressure across the
filter (16).

Higher filtration pressures encouraged

bacterial passage.

What,

then,

is the impact of elevated

pressures on bacterial viability?

Experiments were

conducted to measure the effect of pressure as follows.
A culture of P.

diminuta grown in SL broth was placed in

a pressure vessel and exposed to pressures of 20 psig
and 60 psig.

Cultures were maintained at these pressures

and samples were withdrawn after 10 and 60 minute
exposures.

Controls consisted of equivalent cultures

held at normal atmospheric pressure and sampled at the
same time intervals.
on SCD agar.

All samples were plate counted

Inspection of the data contained in

Table 3-4 indicates that viable counts of P.

diminuta

were virtually the same irrespective of exposure
pressure.
TABLE 3-4
EFFECT OF PRESSURE ON P.

DIMINUTA VIABILITY

Exposure
Time

Viable Count
20 psi

Initial
(0 min)

1.5 X 107

2.7 X 107

10 min

2.3 X 107
(2.6 X 107)*

3.0 X 107
(3.1 X 107)*

60 min

2.3 X 107
(2.0 X 107)*

2.1 X 107_
(2.5 X 107)*

^Number in ( )
pressure.

(org/ml)
60 psl

is control count at normal atmospheric

Test Equipment

Equipment properties.

Clearly,

any test method which i

used to validate sterilization by filtration should
approach ’’worst case" conditions.

In other words,

the

conditions of test should promote failure of the filter
Thus,

test results indicating the complete removal of

bacteria assure sterilizing ability.
The first portion of this chapter considered the
microbiological variables of retention testing such as
selection and cultivation of the biological indicator
to optimize its morphology.

This section presents an

experimental apparatus which was used to study reten¬
tion variables other than microbiological ones.

The

specific variables studied with the apparatus are
presented in Chapters IV and V.

It is useful here to

discuss what a test apparatus should do and then
describe how it does it.
There are several properties

important to an

apparatus used for retention testing.
1.

Flexible design,

These include:

i.e., hardware which can

operate under different filtration conditions.
2.

Sanitary construction,

i.e.,

easily sterilized

and amenable to aseptic manipulations.

.

3

Consistent performance,
ducible results.

i.e., yield repro¬
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4.

Capacity for concurrent indicator removal
determinations and physical integrity
measurements.

Test equipment.

An example of an apparatus which

possesses the above properties is schematically repre¬
sented in Figure 3-12.

The entire system is composed

of commercially available 316 grade stainless steel
filtration equipment with sanitary fittings.

The

core of the test system is a 293 mm filter holder which
houses the filter during bacterial retention testing.
This holder size allows testing of filter samples with
roughly 500 cm

2

of area.

A large filtration area

increases the likelihood of detecting defects in
membranes and provides a better overall estimate of
retention performance.

The majority of retention test

systems reported in the literature used about 10 cm
of filter area.

Thus,

2

a single replicate performed

with the equipment shown in Figure 3-12

is equivalent

to 50 determinations using previously reported methods.
Upstream and downstream of the filter holder are
vessels for the introduction and collection of test
fluids.

The system is designed with various fittings

for pressurization and venting during tests.

Allow¬

ances are made for aseptic conditions during determina-
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Figure 3-12.
Schematic of bacterial retention
testing device.
From top to bottom:
HI-VI-fluid
introduction vessel and valve; TFH-test filter holder
(293 mm diameter); IT-integrity testing (bubble point)
port; V3-fluid receiving vessel venting valve; R2-V2receiving vessel and valve; AF1 and AF2-analytical
filter holders.
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AF1

AF2
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tion of filter integrity.

The effluents of test filters

are checked for their microbiologic content by either
the MF technique or spread plates depending on the
concentration of organisms.

The device depicted in

Figure 3-12 has a capacity of approximately three liters
of fluid.

Although this specific device was used to

collect the majority of the data described in this
dissertation,

equivalent systems can be designed to

test even larger filtration elements such as cartridge
filters as long as they incorporate the properties
discussed earlier.

Modifications of the test apparatus

used to specifically measure the impact of time on
retention are discussed in Chapter IV.

Test procedure.

The test method is essentially a six

step procedure as follows:

(References to specific

components of the test equipment are found in Figure
3-12) .
Step 1 - Sterilization.

All components are cleaned

and assembled and fittings open to the atmosphere are
wrapped in Kraft paper.

Filters to be tested for

retention are placed in the 293 mm holder,

TFH.

In

addition, analytical filters used in the MF technique
are placed in holders AF1 and AF2.
filters are placed in the port,

Hydrophobic air

IT, used for integrity
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testing.

Equipment upstream of the test filter holder

(i.e., Vl-Hl assembly)

and the rest of the apparatus

are sterilized as two components and aseptically
assembled after sterilization.
All valves are opened and the equipment is placed
in an autoclave.

The components are sterilized for 45

minutes at 121°C on a slow exhaust cycle (Figure 3-13).
This cycle was validated with spore strips of Bacillus
stearothermophilus placed in the most difficult places
for steam to penetrate.

After sterilization,

equipment was removed from the autoclave,
cool to room temperature,

the test

allowed to

fittings tightened and the

Vl-Hl assembly was aseptically added to the rest of
the apparatus.
Step 2 - Initial Integrity Test.

To preclude the

possibility of damage to the test filter during
assembly or autoclaving, the system is checked for
physical integrity.

The integrity test also serves

as the first of two determinations of the physical
characteristic, bubble point, which is compared to
retention.

One liter of sterile reagent grade water

is added to the upstream fluid reservoir, HI,
pressure source is connected to the reservoir.
small amount of pressure

(<5 psi)

and a
A

is applied to the

system forcing the water through the test filter into
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Figure 3-13.
Schematic of bacterial retention
test procedure:
sterilization of equipment by
autoclaving at 121°C for 45 minutes.

BACTERIAL RETENTION
TEST PROCEDURE
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the downstream reservoir, H2

(Figure 3-14).

Valves,

VI, V2, and the valve controlling flow to AF1 are open
during this operation while all other valves downstream
of TFH are closed.

While pressure is maintained upstream

of the test filter,

the downstream reservoir is pressur¬

ized by a separate air pressure line through the port,
IT,

for integrity testing.

This forces the water used

to wet the filter through the analytical filter, AF1,
and clears water out of the downstream portion of the
test apparatus.

The system is vented to normal atmos¬

pheric pressure (downstream side,
test filter).

then upstream side of

The test apparatus is now ready for

bubble point testing.
The bubble point is determined by first closing
valve, V2,
IT.

and disconnecting the pressure line to port,

A length of tubing is connected to port,

IT,

and

the free end is immersed into a beaker of water.
Pressure is slowly increased on the upstream side of
the test filter in 2 psi increments, holding at each
pressure for one minute,
from port,

IT,

and the free end of the tubing

is checked for bubbling (Figure 3-15).

This incremental increase in pressure is continued
until a continuous stream of bubbling is observed in
the beaker.

The pressure at which this occurs is

recorded as the bubble point.
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Figure 3-14.
Schematic of bacterial retention
test procedure:
water wetting test filter prior to
bubble point testing.

WET FILTER

BACTERIAL RETENTION
TEST PROCEDURE
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Figure 3-15.
Schematic of bacterial retention
test procedure:
bubble point testing.

DIFFUSION/B.P.

BACTERIAL RETENTION
TEST PROCEDURE
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Step 3 - Sterility Check.

This step serves to both

of aseptic technique.

First, one liter of sterile 0.1

peptone water is added to reservoir, HI,

o\®

test the sterility of the apparatus and act as a test

and the fluid

is processed in the same way as the sterile water used
to wet the filter initially (Figure 3-16) .
peptone has been filtered through Afl,

After the

the valve con¬

trolling flow to AF1 is shut off and the analytical
filter holder is removed from the test apparatus.

The

membrane is then removed, plated into SCD agar and
incubated at 30°C for five days.

This serves as a

negative control.
Step 4 - Bacterial Challenge.
of P.

A sufficient volume

diminuta cultured in SL broth is prepared to

challenge the filter.

The cultures are prepared in one

liter quantities, pooled and examined as described
earlier.

In addition,

on the pool.

a viable count is performed

Two liters of the pooled culture are

transferred to reservoir, HI, where valve, VI, has
been closed.

Valves, V2 and V3,

and the valve to AF2

are opened on the downstream side while all others
remain closed.
voir, HI,
VI,

A pressure line is attached to reser¬

and the reservoir is pressurized.

Valve,

is rapidly opened forcing the bacterial suspension

through the test filter into the vented downstream
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Figure 3-16.
Schematic of bacterial retention
test procedure:
sterility check of apparatusnegative control.

BACTERIAL RETENTION

149

150

reservoir, H2
valve, V3,

(Figure 3-17).

When filtration ceases,

is closed and the fluid in the downstream

reservoir, H2,

is forced through AF2 as described for

the sterility control.

AF2 is removed from the

apparatus, plated and incubated as for the negative
control.

In those cases where the number of micro¬

organisms in the filtrate does not require concentration
(i.e., viable counts greater than 100 organisms per ml
of filtrate),
was removed,

the reservoir and valve assembly, H2-V2,
shaken and sampled for viable counts via

spread plates.

The choice of sampling method is

summarized as follows:
Organism Count in Filtrate

Sampling Method

<100/a

MF technique on entire
filtrate

>100/and <100/ml

MF technique on aliquots
of filtrate

>100/ml

Spread plates

Assay plates were incubated at 30°C until growth was
sufficient for counting but at least for five days
before discarding as negative.
within two days.

Growth usually occurred

Isolates were identified by the

criteria described earlier.
Step 5 - Final Integrity Test.
bacterial challenge,

Following the

the test filter is again tested
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Figure 3-17.
Schematic of bacterial retention
test procedure:
bacterial challenge of test filter.

BACTERIAL RETENTION

i
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for its bubble point.

The procedure is essentially

the same as the initial integrity test

(Figure 3-14 and

3-15) where the filter is wetted with water and
pressurized with air until the bubble point is reached.
Step 6 -

Interpretation of Results.

Interpretation

of the test results includes the following:
1.

Initial and final bubble points

2.

Negative control assay filter

3.

Assay of challenge filtrate

4.

Routine controls on P.

diminuta culture

- viable count
- pure culture checks
- size determinations
A successful experimental run would include equivalent
initial and final bubble point determinations indicative
of the pore size filter under test; no growth on the
negative control;

growth (P.

diminuta only) or no growth

on the assay of challenge filtrates;

and,

characteristic

results on the control tests performed on P.
cultures.

diminuta

Any deviation from this pattern of results

was considered an invalid test.

Quantitation of bacterial removal.

The particle reten¬

tion efficiency of filters is commonly expressed in
terms of percent.

For example,

if a filter is
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challenged with 100 particles and 10 get through,
then the filter is 90% retentive to that particle.
If, however, very high particle challenges are used
and assay methods for detecting particles

in the fil¬

trate are very sensitive, then percent retention
determinations by efficient filters result in unwieldly
expressions.

For example,

a filter challenged with

1010 organisms and letting 10z pass through would
be 99.999999 percent retentive to those organisms.

A

more convenient way of expressing high level retention
efficiencies is as follows.

The total number of

microorganisms challenging a filter is determined by
standard plate count assay and the total number
contained in the filtrate is determined by one of the
methods mentioned earlier.

The ratio of these deter¬

minations expresses the retention efficiency in terms
of the number of microorganisms removed.
defined as the £ ratio

This is

(51):

3 = total organisms challenging a filter
total organisms in filtrate
For example, where the total number of organisms
in the challenge is 10
through, then:
S = 1010

10

10

and 10

2

total organisms pass
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o
3 = 10

g
,

or,

the filter removes 10

organisms.

The base ten logarithm of 3 further simplifies the
expression.

This transformation results in what is

termed the Log Reduction Value

(LRV)

as follows:

Log^ B = LRV,
if 6 = 108, then
LRV = Log10 108
=

8

In other words,

a filter with an LRV of 8 will remove

o

10

organisms from a solution.

Sterilizing filters

commonly do not exhibit passage of test organisms;
such filters, therefore,

are assigned LRVTs which are

expressed as greater than the log^Q of the total
challenge.

All quantitations of bacterial removal

used in this dissertation are expressed as the LRV.

Summary

The cultivation methods of P.

diminuta and the six

step procedure outlined in this chapter were used to
measure the impact of filtration variables on retention
(reliability-Chapter IV)

and the relationship between

bacterial retention and bubble point (predictability Chapter V).
It should be recalled that there were several
shortcomings to test methods described in the litera-
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ture.

The methods described in this chapter were

developed to correct these shortcomings.

The aspects

of method development unique to this dissertation are:
1.

Consideration of cultivation conditions on the
morphology of

2.

Development of detailed quality control proce¬
dures for P.

3.

diminuta.

diminuta cultures.

Assessment of test conditions on P^.

diminuta

viability.
4.

Development of a test apparatus which allows
concurrent,

quantitative retention and inte¬

grity testing of filters.
5.

Sensitive assay methods for the detection of
indicator organisms in filter effluents.

6.

Quantitation of indicator removal expressed
as the LRV.

CHAPTER

IV

RELIABILITY OF BACTERIAL FILTRATION

Sterilization by filtration is routinely applied
to a wide variety of fluids filtered under diverse
conditions of fluid volume,
filtration pressures.

filtration time and

The conditions of sterile

filtration can range from sterilizing small volumes
of heat labile reagents in a short time on the labora¬
tory scale to hundreds of liters of complex parenteral
drugs over several hours on the industrial scale.

It

is this latter application which represents the most
critical in sterile filtration.
several reasons.

This is so for

First, heat labile drugs such as

vaccines and antibiotics must be sterile before they
can be administered parenterally.

Filtration is the

only practical method of sterilization.

Second,

the

chemistry of parenteral drugs can vary widely in pH,
ionic content,
concentration.

surfactant composition and protein
In other words,

the chemical properties

of these drug solutions could influence the interaction
of microorganisms with membrane filters.

Third, paren¬

teral drugs produced on the industrial scale are
filtered in large batch sizes.

It is not uncommon for

sterilizing filtrations to take a complete work shift

157

158

(8 hours)

or longer with the same filter.

Fourth,

sterile filtration on the industrial scale is practiced
by operators unsophisticated in the intricacies of
microbiology.

Thus,

sterile filtration must be reduced

to a well defined and controlled (routine)

process

operation.
As discussed in the introduction,

any method of

sterilization must be proven reliable before routine use.
Reliability implies an understanding of the principle
variables which may affect the performance of the
sterilization system.

This chapter applies the test

methods developed in Chapter III to define the variables
which affect bacterial retention by membrane filters
whose pore sizes approximate typical bacterial cell
sizes.

These variables are categorized into two main

groups;

physical and chemical.

The impact of these

variables on retention are expressed in terms of the
LRV of the filters tested.

Physical Variables

Bacterial numbers.

Elford (16)

observed that the

removal ability of his filters was influenced by the
numbers of bacteria which challenged the filter where
there was a minimum number,

or threshold,

of micro¬

organisms which must challenge a filter before passage
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occurs.

This observation was verified here.

A 0.45

ym pore size membrane was challenged at varying concen¬
trations of P.

diminuta cultivated in SL broth.

Filtrates were cultivated for the presence or absence
of bacteria.

When filters were challenged with approxi-

mately 1CT and 104 P.
If, however,
was evident.

10

8

diminuta, no passage was detected.

and 10

10

organisms were used,

passage

Challenge levels of 10^ organisms pro¬

duced variable results

(the threshold level of passage).

It is apparent that the number of organisms which
challenge a filter will indeed affect retention.
What,

then,

is the proper challenge number?

There

are two competing phenomena when determining the appro¬
priate number of organisms in retention testing.
first is the threshold level discussed above.

The

The

second is the onset of filter plugging with an excess
of cells.

As microbial cells accumulate they eventually

build up a layer which restricts the flow of fluid
through a filter (plugging).

The cell layer at this

point is ’’tighter” (a smaller pore size)
underlying filter.

Thus,

than the

subsequent cells impinged on

this layer of cells are actually being removed by the
cell layer and not the filter.
A balance between the threshold level and plugging
level must be struck.

This balance is best achieved
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by challenging a filter with that number of organisms
just short of the plugging level.

Experimentation was

conducted to determine this level for 0.22 ym pore size
filters.
P.

Membrane filters were challenged with

diminuta at increasing concentrations until the

onset of plugging.

Plugging was defined as a reduction

in the flow rate by a factor of 0.2

(e.g.,

a filter with

an initial flow rate of 100 ml/min would be considered
plugged if the flow rate was reduced to 20 ml/min).
total challenge levels of 10
area,

9

2
organisms/cm“ of filter

flow rates fell to the plugged level.

levels of 10

8

organisms/cm

ing, yet above,

2

At

Challenge

showed flow rates approach-

the plugged level.

suggest that challenge levels of 10

These results
8

2

organisms/cm“

approach the maximum number permissible and should be
sufficient to test the filter1s ability to remove
microorganisms.

This conclusion was verified by direct
O

examination of filters challenged with 10
°f filter area.

Figure 4-1 shows an SEM of a membrane

filter challenged with 108 p.
area.

organisms/cm

diminuta/cm2 of filter

The surface of the filter is covered with a

layer of bacterial cells about two deep.
Precise numbers

(within an order of magnitude)

not necessarily critical for successful retention
testing.

The rate of fluid flow through a porous

are
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Figure 4-1.
Scanning electron micrograph of a
0.22 \im pore size membrane filter in cross section
challenged with 108 P. diminuta ATCC 19146 per cm^ of
filter area.
Area at top of micrograph shows the
deposition of bacterial cells at the surface of the
filter. (8,000 X)

163

structure is a function of the radius of the pore to
the fourth power.

In other words,

tial flow through larger pores.

there is a preferen¬

In this way a micro¬

organism in a fluid actually ’’seeks out” the path of
least resistance and,

therefore,

optimizes the chance

of finding its way through the filter.
levels of 10

o

organisms/cm

2

Challenge

of filter area were

primarily used in this study.

Filtration pressure.

Elford (16)

and Tanny,

et al.

(61)

described the dependency of bacterial retention on
filtration pressure.

Both concluded that higher trans¬

membrane pressures reduced the ability of a membrane to
remove bacteria.
in two areas.

These studies, however, were lacking

First, Elford’s description of pressure

effects were largely qualitative or semi-quantitative
(MPN estimations of bacterial removal).

Thus, he was

unable to precisely measure the changes

in removal as

a function of pressure.

Second,

Tanny et al.

described

pressure effects for just two pore size membranes
ym and 0.2 ym)

(0.45

of which only the larger exhibited

pressure dependency.
Studies conducted here attempted to better define
the impact of transmembrane pressure on bacterial
removal.

LRV’s were measured for a range of membrane
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pore sizes as a function of filtration pressure.
transmembrane pressures were tested,
psid.

Two

0.5 psid and 50

The lower pressure was obtained by establishing

a hydrostatic head at a predetermined height above the
test device.

The higher pressure was achieved by

compressed air through a pressure regulator.
The following pore sizes of membrane filters made
from mixed esters of cellulose were tested:
0.45 ym,

0.65 ym and 0.8 ym.

0.22 pm,

LRV determinations were

performed in triplicate at each test pressure and the
mean LRV was calculated for each pore size at a given
pressure.
The mean LRV with its corresponding coefficient
of variation (standard deviation divided by the mean
expressed in percent)

for each pore size and test

pressure is presented in Table 4-1.

Figure 4-2 plots
V •

individual LRV’s as a function of pore size
point)

for the two test pressures.

(bubble

Bacterial retention

decreased with increasing filtration pressure for all
pore sizes tested with the exception of the 0.22 ym pore
sized membranes.

Here,

retention was independent of

filtration pressure where no passage was detected at
either 0.5 or 50 psid.

Close inspection of the graph

of Figure 4-2 reveals an interesting phenomenon.

The

magnitude of pressure effects on LRV decreases with
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TABLE 4-1
LRV AS A FUNCTION OF TRANSMEMBRANE PRESSURE
FOR FOUR PORE SIZE MEMBRANE FILTERS

50 psi Transmembrane Pressure

Pore Size

LRV

CV (%

0.22

>10.62

0.45

5.84

2.5

0.65

1.34

21.5

0.80

0.71

5.3

-

0.5 psi Transmembrane Pressure

Pore Size

LRV

CV (%)

0.22

>10.62

0.45

7.79

6.4

0.65

2.53

21.9

0.80

1.55

9.1

-
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Figure 4-2.
Graph which plots LRV as a func¬
tion of bubble point (pore size) at two filtration
pressures, 0.2 psi and 50 psi.
Data points with
arrows indicate no passage detected.
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increasing pore size.

Specifically,

removal effi¬

ciencies for 0.45 ym pore size membranes differ by 2.5
logs at the pressures tested while the 0.65 ym pore
size filter differed by 1.2 logs and the 0.8 ym pore
size filter by 0.6 logs.
A plausible explanation for this phenomenon lies
in the relationship of bacterial cell size to pore
size.

The closer the dimensions of the challenge

particle to the filter pore size,

the greater the

dependency of removal efficiency on filtration pressure
Such behavior may be understood by examining the physi¬
cal forces exerted by the fluid on the bacterial cells
which have just entered a pore of the filter.

These

physical forces will obviously increase as the propor¬
tional cross sectional area of the pore occluded by
the bacterial cell increases.

In other words,

as the

size of bacteria approaches the pore size then the
fluid going around the bacteria into the pore becomes
more and more restricted thus increasing the effective
pressure exerted by the fluid on the occluding bacteria
By analogy, this is observed when water is flowing
through a flexible tube of given diameter at the parti¬
cular pressure.

If the tube is pinched,

an effectively smaller diameter,

resulting in

then the velocity at

which the water exits the tube increases.

In the pore/
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bacteria case,

the pore is being "pinched” by the

bacterial cell.
bacterial cell,

At total occlusion of the pore by the
the body force on the cell would

approach the total transmembrane pressure drop.
smaller portions of the pore are occluded,

When

this body

force is reduced in proportion to the fractional cross
sectional area of the pore blocked by the cell.

This

phenomenon is best illustrated by calculating the ratio
of average bacteria size to membrane pore size.

Recall¬

ing that the size of P.

diminuta grown in SL broth is

0.32 urn on the average,

the resulting ratios are 1.45,

0.71,

0.49 and 0.40 for 0.22,

0.45,

pore size membranes, respectively.

0.65 and 0.80 urn
When as much as

70% of the pore is blocked by the cell then the rate
of passage

(LRV)

is changed by 2.5 logs with a 100-fold

difference in pressure.

In contrast,

yields 0.6 log change in LRV.

a 40% pore blockage

A plot of change in LRV

versus percent pore occlusion (bacterial cell size/pore
size X 100)

shows this relationship

(Figure 4-3).

This

relationship was confirmed with retention tests per¬
formed on a 1.2 ym pore size filter.

This pore size

membrane shows little removal ability at either test
pressure

(LRV <1)

and the difference in LRV between the

two pressures was essentially zero.
for this membrane was 27%.

The pore occlusion

These data are also included
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Figure 4-3.
Graph which plots changes in LRV due
to filtration pressure as a function of percent filter
pore occlusion by bacterial cell for various pore size
filters.
Arrow indicates confirmatory experimentation
with 1.2 pm pore size filters showing linear relation¬
ship .
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in Figure 4-3

(arrow).

Data for the 1.2 ym pore size

filter fall on a straight line through the other pore
size data.

Thus,

there appears to be a linear rela¬

tionship between the change in LRV due to pressure and
the relative particle/pore size.

This would suggest

that the sensitivity of bacterial removal to filtration
pressure is predictable from a knowledge of the pore
size of a membrane filter and bacterial cell size.
Previous explanations of pressure effects in
terms of bacterial adsorption presented by Tanny,
(61)

appear unlikely for two reasons.

First,

et al

the above

discussion offers an equally acceptable alternative
explanation based on random physical entrapment of
bacteria in "pores" within the filter unrelated to
adsorption.

In other words, pressure dependency is

due to physical, not chemical,

forces which are related

to the relative bacteria/pore size.

Second,

experi¬

mentation designed to directly affect adsorptive
removal had no impact on bacterial retention.

More on

this later in this chapter.
It is of practical significance that these pressure
effects are not observed for 0.22 ym pore size membranes.
If the ratio of bacteria size to pore size exceeds one,
then removal of bacteria during filtration becomes
independent of operating pressure.

Thus, variations
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in filtration pressure during routine sterile filia¬
tions with this pore size filter will not affect the
production of a sterile product.

Serial filtration.

Pall and Kirnbauer (45)

suggested

that the base 10 logarithm of removal ability of
multiple filters used in series was additive.

If

several layers of a larger pore size membrane could
achieve the same consistent level of bacterial reten¬
tion as a single layer of a smaller pore size membrane,
then the overall processing time of a fluid would be
reduced and the economics of a sterile filtration
process improved.
The hypothesis of removal additivity was further
tested here by comparing the LRV obtained from a single
filter of a given pore size to LRV*s of multiple filters
of the same pore size stacked together.

LRV determina¬

tions were made at different filtration pressures.

If

the hypothesis is correct, then the overall LRV from
filters used in series should simply be the product of
the number of filters in the stack times the LRV for a
single filter.
Membranes of 0.45,
tested.

0.65 and 0.8 ym pore sizes were

No tests were run on 0.22 ym pore size filters

since a single layer was completely retentive.
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Multiples of various pore size filters were tested as
follows:
Pore Size

Cum)

Number of Layers

0.45

1,2

0.65

1,3,4,5

0.80

1,5

The appropriate number of membranes were stacked one
on top of the other in the same holder and tested for
their overall LRV's at two test pressures,
and 50 psid.

0.5 psid

Experiments were run in triplicate.

Overall LRV’s for multiple membrane layers were
calculated for each pore size at the two test pressures.
The bacterial removal due to serial filtration was
compared to the removal of a single filter.

This

comparison was done by calculating the ratio of LRV1 s
for a given number of layers to a single layer.

Table

4-2 contains the results of experiments run at 50 psid
while Table 4-3 contains data obtained from 0.5 psid
filtration pressures.

LRV data are the mean of three

replicates.
The data in Tables 4-2 and 4-3 demonstrate that
multiple layers of filter progressively remove more
bacteria than a single layer at any given pore size.
The overall removal by multiple layers, however, was
different at the different test pressures.

Specifi-
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TABLE 4-2
LRV'S FOR MULTIPLE FILTER LAYERS AT
50 PSI TRANSMEMBRANE PRESSURE

Pore Size
0.45

0.65

0.80

Number
of Layers

LRV

Ratio

1

5.84

2

>10.07

1

1.35

-

3

4.78

3.5

4

5.63

4.2

5

6.48

4.8

1

0.68

-

5

3.27

4.8

-

>1.7

TABLE 4-3
LRV1 S FOR MULTIPLE FILTER LAYERS AT
0.5 PSI TRANSMEMBRANE PRESSURE

Pore Size
0.45

0.65

0.80

Number
of Layers

LRV

Ratio

1

7.79

-

2

9.72

1.2

1

2.53

-

3

4.20

1.7

4

4.26

1.7

5

4.70

1.9

1

1.54

-

5

3.94

2.6
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cally,

the additivity of LRVfs in serial filtration

was approached only at the higher test pressures and
not at lower test pressures.

For example,

five layers

of 0.8 ym pore sized filters removed about five times
as many bacteria as a single 0.8 ym filter when filtra¬
tion pressures were 50 psid but the same five layers
removed only about three times the single layer at 0.5
psid.
Clearly,

the hypothesis of bacterial removal

additivity in serial filtration has limited application.
Only under certain experimental conditions can the
retention efficiency of membrane filters used in series
be calculated a priori from a knowledge of a single
filter’s LRV.

Thus, dependable sterile filtration

cannot be obtained by using several more open filters
in series unless the last filter shows the high removal
efficiencies characteristic of 0.22 ym pore size
membrane and a concomitant independence of performance
with respect to filtration pressure.
Figures 4-4 and 4-5 plot LRV versus the fluid flux
which was characteristic of the various pore size
filter(s)

tested at the two filtration pressures.

discussed in the previous section,

As

the LRV is inversely

related to filtration pressure but apparently only for
a single layer.

Multiple layers show the opposite
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Figure 4-4.
Graph which plots LRV as a function of°fluid flow rate (filtration pressure) for
various numbers of filter layers in series (0.65
pm pore size filter) .
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Figure 4-5.
Graph which plots LRV as a function
of fluid flow rate (filtration pressure) for various
numbers of filter layers in series (0.45 ym and 0.8
ym pore size filters).

Single Layer
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relationship

(i.e., higher pressures = more retention).

These results raise some interesting questions about
bacterial removal in serial filtration.

Why is there a

difference in trend (a shift from negative to positive
slope)

for multiple filters compared to a single filter

at the two test pressures?

Also, why specifically does

the removal efficiency seem to decrease with increasing
numbers of layers in the case of low filtration
pressures?

Both of these questions may be understood

if one considers a possible alteration in the population
of bacterial cells as they pass through a filter such
that the alteration increases the likelihood of passing
through the next filter.

Also,

there may be a diffe¬

rence in the direction of the fluid path resulting in
cell mixing between filters in series under different
filtration conditions.

If alterations occur in the

population and if the population is well mixed after
passage through the first in a series of membrane
filters then the LRV for a second,

third,

etc.,

layer

of filter would be reduced relative to the first layer.
Any mechanism which facilitated interlayer mixing by
changing the direction of the fluid path (i.e.,
allowing lateral flow between filters) would enhance
this phenomenon.
At high filtration pressures,

interlayer mixing
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is much less probable than at lower filtration
pressures.

This is because higher filtration pressures

would force a close contact among the membranes in a
series

(squeezing together the stack)

and they would

act as a single filter of total thickness proportional
to the number of layers.

Thus,

fluid flow is only in a

direction perpendicular to the surface of the filters.
In contrast,

a lower pressure would not force together

each membrane in the series and fluid could flow
laterally between the layers as well as perpendicular
through the filters.

In this way,

the population of

cells passing through the first filter could mix before
entering the second filter.
to mix between layers,

If the cells have a chance

then they can "choose” the

path of least resistance and seek out the larger
openings in the next layer.
this would not occur.

With no lateral movement,

The compaction phenomenon of a

multi-layered stack at high pressures would be expected
to assist removal efficiency even with an altered
population of organisms and yield an approximation of
overall LRV additivity.
The slope of the removal versus filtration pressure
curves

(Figure 4-4 and 4-5)

is a progressively

increasing function of the number of layers.

An explan¬

ation of this phenomenon is related to events at low
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filtration pressures.

At low filtration pressures,

bacterial cells passing one filter can mix before
entering the second.

The mixed fluid would seek out

the areas of lowest flow resistance in the next layer.
If the populations properties are altered the
organisms stand a higher probability of passing through
subsequent areas of reduced resistance.
As will be seen in Chapter V (Figure 5-1),

reten¬

tion is strongly affected by small changes in filter
pore size.

Also,

(Figure 3-11)

size distribution of P.

diminuta

indicates a range of cell sizes which

would also affect their retention.

Thus,

the preferen¬

tial removal of larger sized organisms by the top
layer(s) would affect the overall removal performance
during serial filtration.

This means that smaller cells

could challenge later layers and lower their LRVTs.*
An attempt was made to measure an alteration in
cell size after passing through a single layer of a 0.45
pm pore size membrane.

These attempts were unsuccessful.

It was possible, however,
interlayer mixing.

to test the hypothesis of

Specifically,

the hypothesis states

that interlayer mixing of an altered cell population
facilitates passage through a series of filters.

The

design of earlier experimentation precluded interlayer
mixing at high filtration pressures since the layers
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were pressed tightly together.

Placing individual

layers of filters in separate filter holders and
serially passing a suspension of cells through multiple
housings should eliminate compression between layers
and facilitate ’’interlayer” mixing.

In particular,

the

LRV*s for membrane stacks operated with augmented inter¬
layer mixing at high pressure should show closer agree¬
ment with a contiguous stack operated at low pressure,
and less agreement with the results obtained for
contiguous stacks operated at high pressures.
Additional experimentation was performed as follows.
A single disc of a given pore size filter was placed
into each of several test set-ups.

A bacterial suspen¬

sion was filtered through one set-up and the filtrate
collected, mixed,

enumerated and transferred to the

upstream reservoir of a second set-up.

The second

set-up was run and its effluent was collected, mixed,
enumerated and transferred to a third set-up and so on.
The testing was, therefore,

intermittent in nature.

All filtrations were run at 50 psid and LRV’s were
calculated for each filter in the series.

The number

of layers tested was a function of pore size:
Pore Size

(ym)

Layer Number Tested

0.45

1,2

0.65

1,2,3,4

0.80

1,2,3,4,5
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All other aspects of the test procedure were the same as
used in earlier experimentation.
Table 4-4 lists the measured LRV’s for each mem¬
brane in series for each of the three different pore
sizes.

The ratio of the measured overall LRV to that

measured for a single layer of the same filter operated
under the same conditions are listed versus the number
of membranes in the stack in Table 4-5.
The data support the hypothesis that interlayer
mixing reduces the removal efficiency of membranes
arranged in an intermittent series compared to that
achieved by a contiguous series when operated at high
pressure drop.

This is especially true for the more

efficient 0.45 pm pore size membrane where the removal
efficiency of the second membrane
three LRV units

(Table 4-4).

(layer)

drops by over

The overall LRV's for the

intermittent stack at higher pressures

is similar to

that measured for the contiguous stack at low pressure
drop.

For the less efficient 0.65 and 0.80 pm pore

sizes, the individual LRV's become progressively reduced
up to the third member of the stack.

After this point,

there appears to be no further reduction in the
measured LRV.

The extent of the LRV reduction is lower

for these filters than for the smaller 0.45 pm pore
size.

However,

the larger pore size filters displayed
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TABLE 4-4
LRV'S FOR MULTIPLE LAYERS OF FILTER
HOUSED IN INDIVIDUAL TEST SET UPS

.

'
'_LRV
_
Membrane Pore Size (ymj
■ --0755"
-- 0y8'0"'~
Stack
Layer
Stack
Layer
Stack

Number
of Layers

Layer

1

6.25

6.25

1. 56

1.56

0.97

0.97

2

2.79

9.04

1.28

2.84

0.81

1.78

3

-

-

0.77

3.61

0.46

2.24

4

-

—

0.78

4.39

0.59

2.83

0.42

3.45

5

-

TABLE 4-5
COMPARATIVE LRV1S FOR MULTIPLE LAYERS
OF FILTERS RUN INTERMITTENTLY (50 PSID)
AND CONTIGUOUSLY (50 AND 0.5 PSID)

Pore Size

Stacking

(ym)
0.45

0.65

0.80

LRV of Multiples
Ratl°• IEV of Single ~
Number of Layers
AP

Contiguous
Contiguous
Intermittent

0.5
50
50

Contiguous
Contiguous
Intermittent

0.5
50
50

Contiguous
Contiguous
Intermittent

0.5
50
50

1.3
>1.7
1.4

1.8

1.8

•

1.7
3.6
2.3

2.3

1.7
4.2
2.8

2.9

1.9
4.8
2.6
4.8
3.6
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less dependency of removal on pressure than filters
whose pore size approach the average dimension of the
bacterial cell

(Figure 4-3).

These results,

those of the 0.45 pm pore size filters,

especially

also strongly

support the hypothesis of an altered population of
organisms which favors increased passage.

The second

0.45 pm pore size filter shows an LRV not much higher
than the LRV for the first member of the 0.65 pm pore
size filter stack.

Thus,

interlayer mixing seems a

plausible explanation for the pressure effects seen
in Figure 4-4 and 4-5.
The practical significance of these observations
are:
1.

Filters are not simply additive in their
removal ability except under certain experi¬
mental conditions.

2.

Although removal rates are characteristic of
a given population of cells and pore size,
changes in either will change the LRV.

3.

Dependable sterile filtration is best achieved,
by a single filter which precludes extensive
penetration of the organisms it is intended
to remove.

Filtration time.

As mentioned earlier in this chapter,
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sterile filtration of large fluid volumes may take
several hours to perform.

The majority of reports of

bacterial retention including those contained so far in
this dissertation have dealt with short filtration times
(<1 hour) .

At least three previous publications have

suggested a time dependency on bacterial retention,
however.

In the early I920fs, both Eichoff (23)

Meyeringh (40)

and

reported that membranes initially

retentive to microorganisms show bacterial penetration
through filters with time.

For example, Meyeringh found

that Serratia marcescens would penetrate 0.75 ym pore
size filters after four days.

Two points should be

emphasized about these early reports:
1.

Membrane formation and pore size characteriza¬
tion were in their infancy at the time of
r

these studies.
2.

The reported observations were nearly anecdotal
in nature with little experimental detail
provided.

Nonetheless, bacterial retention showed a time depen¬
dency.

A much more recent report by Howard and

Duberstein (36)

also highlighted the impact of time on

bacterial retention.

Using the natural contaminants of

well water and filtering this water through various
filters over a several day time period,

they found that
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filters initially retentive to the naturally occurring
microflora would eventually show penetration by these
organisms.

Depending on the pore size and type of

filter tested, penetration would occur as early as 24
hours.

It is difficult to separate the variables of

direct penetration versus growth through the filters
from these results.

This is primarily due to the

heterogeneous nature of the microbial challenge.
Clearly, however,

retention performance was time

related.
Experiments were undertaken here to measure the
impact of time on bacterial retention under more
defined experimental conditions.

This was approached

in two ways:
1.

Bench scale experimentation which tested the
variables of pore size,

organism size and

organism doubling time.
2.

Simulated industrial scale filtration using
£.

diminuta and standard sterilizing grade

filters

Bench scale.

(0.22 pm pore size).

Both P.

diminuta ATCC 19146 and Escheri¬

chia coli ATCC 25922 were used in experimentation.
This choice provided two variables:
(0.3 pm versus 0.6 pm)

organism size

and doubling time

(1 hour versus
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0.5 hour)

for P.

diminuta and _E.

coli,

respectively.

Three pore sizes were used in bench scale experimenta¬
tion,

0.22,

0.30 and 0.45 pm;

and were tested as 47 mm

diameter discs.
A schematic of the test device is shown in Figure
4-6.

Essentially the 47 mm test filter is housed in a

plastic holder fitted with an upstream plastic reservoir
of 80 ml capacity.

An additional 47 mm holder con¬

taining an analytical membrane is screwed into the base
of the test filter holder.

The entire device as well as

additional analytical filter holders are sterilized by
autoclaving.

Fluid is forced through test filters by

positive pressure

(compressed air).

The test procedure

is outlined below:
1.

Sterilize device - 15 min at 121°C.

2.

Wet filter by adding water to upstream reser¬
voir and force through test filter at 5 psig.

3.

Bubble point test the filter.

4.

Challenge filter with test organisms at 108
organisms/cm

2

and 50 psi pressure and check

the initial retention of the test filter by
plating analytical filter.
5.

Three times daily (i.e.,
hours),

0800,

1200 and 1700

fill upstream reservoir with sterile

growth medium (SCD broth)

and filter through
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Figure 4-6.
Schematic of bench scale bacterial
retention test device measuring the impact of time on
bacterial retention.
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test and analytical filters at 30 psig.
6.

Remove analytical filter plate and incubate.
Replace with a new (sterile)

7.

analytical filter.

Continue experimentation until filtration time
for 50 ml exceeded 30 min (plugging).

8.

Bubble point test filter.

9.

Record results:

Initial retention,

passage observed,

time when

initial and final bubble

point.
TABLE 4-6
IMPACT OF TIME ON BACTERIAL RETENTION
BENCH SCALE EXPERIMENTATION

Filter
Pore Size
0.22 ym

0.30 ym

0.45 ym

Penetration
Time
(hours)

Test
Organism
P.

diminuta

>120

E.

coli

>360

P.

diminuta

E.

coli

180

E.

coli

72

24

Table 4-6 contains the results for P.
and E.

coli.

Only two pore sizes,

were used with P.

diminuta

0.3 ym and 0.22 ym,

diminuta since 0.45 ym pore sizes were

not retentive to this organism initially.
pore sizes were tested with E.

coli.

All three

These results

confirm the dependency of bacterial retention on time.
Two additional conclusions are drawn from these results.

First,

penetration with time is dependent on pore size.

Regardless of the test organism,

penetration was

observed in larger and then smaller pore sizes.

first
Second

penetration time was a function of test organism where
P.

diminuta emerged sooner than E^.

pore sizes.

coli for equivalent

This suggests that organism size is more

important than growth rate since P.

diminuta is smaller

but a slower grower than E..

coli.

data provided in Table 4-6,

test filters were analyzed

by SEM.

In addition to the

Figure 4-7 shows representative results with a

cross-sectional preparation of a 0.22 pm pore size
filter challenged with E.

coli.

The layer of bacterial

cells at the surface of the membrane is on the order of
5 pm thick and composed of between 10-15 cells.

This

observation helps explain the elevated bubble points
observed at the end of experimentation.
after plugging,

Typically,

a filter would show a 10 psig increase

in bubble point over initial values.

It should be

pointed out that bacterial penetration is not an inevi¬
table consequence with time.

Penetration times with

0.22 pm pore sizes were much greater than normally
encountered in sterile filtrations

(>5 days).

The experimental approach discussed above was not
intended to be a definitive study of time and its
influence on bacterial retention.

Clearly,

there are
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Figure 4-7.
Scanning electron micrograph of a
0.22 vim pore size membrane filter in cross section.
Bacterial layer at the top of micrograph is E. coli
after five days of experimention. (10,000 X)
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several variables which could influence retention
with time in addition to those studied.
1.

Composition of filter (e.g.,

These include:

hydrophobic

versus hydrophilic filter polymer).
2.

Fluid composition (e.g.,

stimulatory or

inhibitory to microbial growth).
3.

Fluid mechanics

(e.g.,

flow rates and filtra¬

tion pressures).
The experiments presented here merely represent a "range
finding” approach to this question.

It appears that,

most applications in sterile filtration,

for

time will not

influence the production of sterile product when using
pore sizes of 0.22 ym.

Industrial scale.

Although the results of bench scale

experimentation suggest that routine sterile filtrations
should not be influenced by time,

this was confirmed by

tests which more closely approximate actual use condi¬
tions.

P.

diminuta was used exclusively for these tests.

Replicates of 0.22 ym pore size membranes in 293 mm
diameter discs were evaluated.
Figure 4-8 contains a schematic of the test device.
It is essentially the same as described in Chapter III
with additional provisions for continual recirculation
of fluid through the test filter (293 mm)

and analytical
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Figure 4-8.
Schematic of industrial scale
bacterial retention test device measuring the
impact of time on bacterial retention.
Schematic
shows various valves (V1-V15), test filter holder
(TFH), analytical filters (AF1 and AF2) , pump (P)
and buffer reservoir for recirculating fluid
continually during experimentation.

«
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filter (142 mm).
P.

Also,

the challenge suspension of

diminuta in SL broth is continually fed into the

recirculating fluid (0.1% peptone)

by a metering pump.

The flow rate through the test filter was 3.79 liters/
min and total challenge at the end of experimentation
was 1010 organisms.

The procedure is briefly outlined

below:
1.

Sterilize the system in subsections
lines

- Figure 4-8)

(dotted

for 60 min at 121°C in an

autoclave.
2.

Sanitize the recirculating

(P)

pump with hot water (80°C)

for 30 minutes.

Note:

and metering

These components are in essence upstream

of the test filter and the minimal microbial
contribution from these components should be
orders of magnitude lower than the challenge
level of P.
3.

diminuta.

Add sterile 0.1% peptone

(20 L)

to buffer

reservoir just upstream of the recirculating
pump.
4.

Recirculate fluid at 1 GPM for 30 min and
bubble point test filter.

5.

Remove one of the two 142 mm diameter analyti¬
cal filters

(AF1), plate

(150 mm petri dishes)

onto SCD agar and incubate five days at 30°C
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(negative control).
6.

Restart recirculating pump and start metering
pump feeding the bacterial challenge suspension
into recirculating fluid.

Adjust flow rate of

metering pump such that approximately 1010 total
organisms will be delivered by the end of the
test.
7.

Recirculate the continually inoculated fluid for
16 hours.

8.

Shut off pumps after 16 hours,

remove remaining

analytical filter (AF2), plate and incubate as
in 5.
9.

above.

Bubble point test filter.

10. Interpret test results:
filter;

negative control

challenge assay filter;

P.

diminuta

culture controls and initial/final bubble
point values.
As seen from the above procedure,

this test method is

analagous to that described in Chapter III but with
the added element of time.

Instead of performing a

bacterial challenge for less than a minute, this system
continually challenges a filter for 16 hours.

Such a

system more closely approximates an actual sterile
filtration in practice.

The results from five repli¬

cate experiments are presented in Table 4-7.
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TABLE 4-7
IMPACT OF TIME ON BACTERIAL RETENTIONINDUSTRIAL SCALE EXPERIMENTATION

Replicate

Bubble Point (psi)
Final
Initial

LRV

1

54

55

>10.01

2

53

52

>9.98

3

54

54

>9.88

4

52

51

>10.10

5

55

55

>10.02

The 16 hour test time was arbitrarily chosen as
twice that normally used during sterile filtration.
Ih

diminuta was used as the test organism based on the

bench scale results and the large data base on its
retention characteristics under other test conditions.
No bacterial penetration was observed in any of the
replicates.

Also,

initial and final bubble point

values were equivalent indicating that the build-up of
bacteria during the test procedure was not nearly as
extensive as that observed in bench scale experiments.
The relationship between pore size and time
dependent bacterial retention adds further argument
against multiple layer filtration with Mlarger” pore
size filters for sterile filtration.

Even if addi¬

tivity of individual LRV values for a series of filters
is achieved,

time may then thrart complete retention.

Recall that the hypothesis of multiple layers states
that several filters of unit removal ability will
exhibit a simple multiple of this unit value.

If the

penetration of organisms as a function of time relies
on growth through the microporous structure,

it stands

to reason that the more significant the penetration
into the structure the sooner the microbial cells will
emerge from the downstream side of the filter.

Thus,

the more resistant a filter is to initial penetration,
the more resistant that filter will be to growthrough.
Such was the case in bench scale experimentation
where 0.22 ym resisted penetration better than 0.30
ym pore sizes even though both are initially retentive
to P.

diminuta.

Chemical Variables

The role of adsorption in bacterial removal by
membrane filters is largely undefined.

There is littl

doubt that some membrane filters, particularly those
composed of mixed cellulose esters studied in this
dissertation, can adsorb a variety of macromolecules
and colloidal material.

For example, membrane filters

are used to bind single stranded DNA in nucleic acid
hybridization experiments.

The adsorptive properties

of relatively large pore size membranes are also used

to isolate viruses from water samples.

This

isolation

is truly adsorptive since shifts in pH which affect
the isoelectric point of the viral coat proteins will
bring about a reproducible adsorption/desorption of
viral particles.
Elford (18)

attempted to define the role of adsorp¬

tion in membrane filtration.

As discussed in Chapter II

he viewed adsorption as an important capture mechanism
for particles much smaller than the pore size of his
membrane filters.

Zierdt

of a variety of particles

(70)

demonstrated adsorption

(biological and inert)

to

membrane filters composed of several different polymers.
He,

also,

studied adsorption where the particles were

much smaller than the pores of the filter.
al

(61)

Tanny,

et

considered the role of adsorption by membrane

filters when the filter pore size was close to bacteria
size.

Their approach was to measure flow decay during

bacterial filtrations.
The significance of adsorption in bacterial reten¬
tion lies in the critical requirement for complete
bacterial removal in sterile filtration.

If adsorption

is a necessary mechanism for bacterial removal,

then,

successful sterile filtration would be a function of
fluid properties which affect the interaction of
bacteria with filters.

One approach to studying the
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role of adsorption is to first consider the types of
interactions which result in adsorption and then
conduct experiments that directly measure the effects
of conditions which would alter adsorptive interactions.
There are a variety of molecular interactions which
could be responsible for the adsorption of bacteria to
the surface of a filter.
adsorption to surfaces

In fact,

(adherence)

the field of bacterial
is a newly emerging

area of study with implications ranging from patho¬
genesis to marine biofouling.
have a molecular basis

All such interactions

(at least initially).

These

molecular interactions can be broken down into the
following broad categories:
1.

Electrical interactions

(i.e.,

between charges

and/or dipoles).
2.

Hydrophobic interactions.

3.

Van der Waals forces.

It is possible to disrupt or augment these interactions
by changing the chemical nature of the environment in
which they take place.
When one considers the complexity of a bacterial
cell surface it is difficult to predict a oriori which
type of interaction will be operative in adsorption.
the simplist case all microbial,

and,

in fact,

inani¬

mate particles normally carry a net negative charge in

In
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aqueous suspensions.

It would seem,

then,

that

electrical interactions should predominate.
inspection, however,

On closer

the cell surface actually has a

distribution of charged and neutral sites reflecting
the location of various proteins,

carbohydrates or

lipids in the external structures of the bacterial
cell.

This complexity of interactions is illustrated

by Zierdt's study with membrane filters.
chemically diverse as Teflon
exhibited adsorption.

Polymers as

and cellulose esters both

Likewise, biological particles

such as Gram-positive and Gram-negative bacteria, yeast
and erythrocytes with widely differing surface composi¬
tions adsorbed.
Lacking a precise understanding of how bacteria
stick to surfaces, a more generalized approach was taken
here to study adsorption in filtration.

First, various

chemical modifiers were added to suspensions of
bacteria.

These modifiers were chosen to affect the

types of interactions listed above.

Next, modified

suspensions of bacteria were filtered through membranes
and the resulting LRVTs were compared to unmodified
controls.

Separate experimentation measured the impact

of modifiers on cell viability as well as changes
cell and filter polymer charge

(zeta potential).

in
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SL broth cultures of P.
out this section.
prepared,

diminuta were used through¬

A sufficient quantity of culture was

pooled, mixed and redistributed into two liter

aliquots before addition of chemical modifiers.
sizes,

0.45 pm and 0.22 ym,

Two pore

of mixed esters of cellulose

membrane filters were evaluated.

Filters were run in

triplicate for each modified and control suspension.
LRV determinations were performed by the methods
described in Chapter III.

Controls consisted of LRV

determinations of the same filter pore size with
unmodified two liter suspensions of cells.

The follow¬

ing chemical modifications were performed on suspensions
of P.

diminuta:
1.

Divalent and trivalent cations
AlCl^,

respectively,

(MgCl2 and

added in 0.01 M and 0.1

M concentrations.
2.

Buffers of various pH ranges added and adjusted
to yield final pHTs of 2
(0.1 M acetate),

8

(0.1 M glycine),

(0.1 M Tris)

and 10

4

(1.0 M

carbonate).
3.

Nonionic surfactants added in 0.0055% and 0.1%
(pluronic F68)
pyrollidone)

4.

and 0.1% and 1.0%

(polyvinyl-

concentrations.

Bovine serum albumin added in 0.1% and 1%
concentrations.
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The surface charge (zeta potential)

of filters

and bacteria was determined as follows.

Filter samples

were ground in a glass tissue grinder to a particle size
suitable for testing (approx.

10 pm).

Samples were

suspended in 1 ml of a base fluid containing the various
concentrations and types of chemical modifiers.
base fluid was SL broth prepared as follows:

The

SL broth

was inoculated with the organism and the resulting
culture was filtered to remove all microorganisms.
The cell-free filtrate then served as the base fluid.
Bacterial samples were prepared by culturing the test
organism in SL broth and then adding the modifiers.
D

Samples were read on a Lazer Zee
potential meter (Pen Kern,

Model 500 zeta

Incorporated)

manufacturer's directions.

following

Electrical field voltages

were 150 to 200, and no less than three readings were
averaged for each sample.

Duplicate samples were

prepared and measured for the filter.
were measured for the test organism.

Single samples
Controls consisted

of filter and bacterial samples suspended in the base
fluid alone and a standard colloid to confirm proper
operation of the instrument.

Zeta potentials, specific

conductances and temperatures were noted.
tial averages expressed as (+)

Zeta poten¬

and (-) millivolts

were corrected to 20°C using a formula supplied by

(mV),
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the manufacturer.
The impact of chemical modifiers on bacterial
viability was measured by first enumerating unmodified
cultures,
mixing,

the chemical modifier was then added with

and viable counts determined at 30 minute

intervals for two hours.

Any modifier which showed

a 90% reduction in viable count in less than 30 minutes
was excluded from LRV determinations.
in LRV’s would be due to changes

Thus,

any change

in adsorption and not

indicator viability.
Tables 4-8 through 4-11 contain viability data
for P.

diminuta in the presence of chemical modifiers.

In the majority of cases,

the viable counts as a

function of time were equivalent with or without
modification by the chemicals.

Exceptions include 0.1

M AICI3 and the extremes of tested pH’s

(2 and 10)

where the viable count decreased by at least an order
of magnitude.
Representative zeta potential measurements for
both P.

diminuta and filter material are given in

Table 4-12.

Results indicate that the zeta potential

of both the filter material and the cell suspension
vary as a function of the modifier.

For example,

cations tend to shift the zeta potential in a positive
direction with respect to charge where the trivalent
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TABLE 4-8
EFFECT OF CATIONS ON P.

DIMINUTA VIABILITY

7

Exposure Time
(min)

Viable Count (^organisms X 10 /ml)
0.01 M
0.1 M_
Control
Mg Cl 2
Aici3 Mg Cl 2 Aici3
aici3
Mg Cl 2

0

1.5

3.0

1.5

3.0

1.5

3.0

30

1.3

0.8

1.3

<0.01

1.5

3.4

60

1.6

1.0

1.3

<0.01

1.9

3.3

90

1.7

1.0

1.7

<0.01

1.7

3.7

120

1.9

0.6

1.6

<0.01

1.8

3.3

TABLE 4-9
EFFECT OF pH ON P.

Exposure Time
(min)

DIMINUTA VIABILITY

7
Viable Count ("organisms X 10 /ml)
2
4
8
10
Control

0

2.1

2.1

2.1

2.1

2.1

30

0.2

1.9

2.2

0.2

2.2

60

0.08

0.9

1.8

-*

1.9

90

<0.01

1.0

1.9

0.09

2.3

120

<0.01

1.2

2.0

<0.01

2.3

Contaminated plates
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TABLE 4-10
EFFECT OF SURFACTANTS ON P.

DTMINUTA VIABILITY
*7

Viable Count forganisms' X IQyml)
Low
High
Control
PVP
Pluronic
PVP
Pluronic
PVP
Pluronic

Exposure Time
(min)

0

2.1

2.2

2.1

2.2

2.1

2.2

30

1.5

1.8

1.5

1.7

1.8

2.0

60

-

2.1

1.6

1.9

1.5

1.9

90

2.3

1.8

1.9

2.1

1.9

2.1

120

2.3

2.2

2.3

1.7

2.1

2.1

TABLE 4-11
EFFECT OF BSA ON P.

osure Time
(min)

DIMINUTA VIABILITY

Viable Count (organisms X 107/ml!
1.0%
10%
Control

0

2.9

2.9

2.9

30

3.0

3.2

3.1

60

2.8

3. 3

2.4

90

3.6

4.1

2.4

120

4.0

4.8

2.6
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TABLE 4-12
ZETA POTENTIAL MEASUREMENTS OF FILTER MATERIAL
AND P. DIMINUTA WITH SELECTED CHEMICAL MODIFIERS

Zeta Potential
Modifier-Concentration

(mV)

^organism

AZP

-11.5

-5.7

5.8

MgCl - 0.01 M

-6.2

+2.2

8.4

MgCl

+1.8

+ 6.2

4.4

A1C13 - 0.01 M

+ 3.6

+ 11.7

8.1

Pluronic - 0.00551

-6.9

-4.1

2.8

Pluronic - 0.1%

-5.2

-1.4

3.8

pH - 4

+9.2

-5.1

14.3

pH - 8

-16.5

-6.3

10.2

Control

-

(SL base fluid)

0.1 M

ZPfliter
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cation,

Al+++ causes a more pronounced shift than the

divalent cation, Mg++,

in equivalent concentration.

The effect of pH indicates a more marked effect on the
microorganism than on the filter where low pH’s tend
to give a positive charge while high pH’s result in the
opposite effect.

Pluronic,

a nonionic surfactant, had

little impact on zeta potential.
Tables 4-13 through 4-16 contain LRV determina¬
tions for the two pore size

(bubble point)

tested with various chemical modifiers.

membranes

LRV’s are

the mean of three replicate determinations for test
conditions and controls.

Results for salts

(Table 4-13)

show no consistant effect of this modifier on bacterial
retention compared to unmodified controls.
cally,

Specifi¬

the sterilizing ability of 0.22 ym pore size

filters remained intact while 0.45 ym pore sizes
exhibited consistant LRV’s between the various modified
and unmodified test determinations.
coefficient of variation
(modified and control)

(CV)

In fact,

the

derived from all LRV’s

is equivalent to the CV within

any one test condition (1.2% versus 1.5%).

In other

words, variations observed between the test conditions
are within those of experimental error.

Bubble point

determinations indicated characteristic values for
these membranes.

Similar results were observed for the
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TABLE 4-13
EFFECT OF CATIONS ON LRV

Cation-Concentration

LRV

B.P.

(0.45 ym Pore Size)
MgCl2-0.01 M

4.94

30

MgCl2-0.1 M

4.80

32

A1C13-0.01 M

4.89

30

Control

4.83

31

(0.22 ym Pore Siz e)
MgCl2-0.01 M

>10. 72

48

MgCl2-0.1 M

>10. 59

48

aici3-o.oi M

>10. 57

49

Control

>10. 53

49
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TABLE 4-14
EFFECT OF pH ON LRV

LRV

pH

B.P

(0.45 ym Pore Size)
4
Control

(-6)

8

6.07

32

6.12

33

6.13

33

(0.22 ym Pore Size)
4
Control
8

(-6)

>10.39

49

>10.25

49

>10.61

48
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TABLE 4-15
EFFECT OF SURFACTANTS ON LRV

Surfactant -

Concentration

LRV

B.P.

(0.45 ym Pore Size)
Pluronic -

0.0055%

5.11

30

Pluronic -

0.1%

5.63

29

Polyvinylpyrollidone - 0.1%

5.76

30

Polyvinylpyrollidone - 1.0%

5.85

28

Control

5.70

32

Pluronic - 0.0055%

>10.29

48

Pluronic - 0.1%

>10.59

47

Polyvinylpyrollidone - 0.1%

>10.49

47

Polyvinylpyrollidone -

>10.68

46

>10.72

49

(0.22 ym Pore Size)

Control

1.0%

TABLE 4-16
EFFECT OF BSA ON LRV

Albumin-Concentration (%)

LRV

B. P.

CO.45 ym Pore Size)
0.1

6.12

33

1.0

6.06

33

Control

6.06

32

(0.22 ym Pore Size)
0.1

>10.52

49

1.0

>10.76

48

Control

>10.64

49
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remaining test conditions

(Tables 4-14 through 4-16).

No impact of modifier on LRV was observed in these
experiments.
The selection of chemical modifiers used here
was based on their expected alteration to the broad
classes of adsorptive interactions discussed in the
introduction to this section.
charged ions
upset

positively

(cations such as Mg++ and Al+++)

(enhance or depress)

effects.

For example,

Similarly,

static interactions.

would

interactions due to charge

various pHTs should alter electro¬
This is because of the effect

of pH on such ionizable species as cell associated
proteins.

Thus,

alterations in pH could affect the

net charge of particles and their subsequent inter¬
action with a solid surface.
hand,

Surfactants,

on the other

should disrupt adsorption due to hydrophobic

interactions since surface active agents change lyophile/
hydrophile balances.

If adsorption of particles to

the surface is due to a hydrophobic/hydrophobic inter¬
action,

then,

surfactants would upset this interaction

by rendering the interface hydrophilic.
surfactants studied here,
pyrollidone

The two

Pluronic F68 and polyvinyl-

(PVP) were chosen because they are commonly

used as surfactants and,

in the case of PVP, have been

shown to disrupt virus adsorption during membrane
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filtration.

Protein,

specifically bovine serum

albumin, was selected for study since many pharmaceuti¬
cal preparations contain protein.

In addition, protein

is known to adsorb to a variety of surfaces including
filters and would serve as a competitive sorbant during
bacterial filtrations.
The complexity and diversity of bacterial surface
properties would argue for a wide selection of different
organisms being tested for adsorption to membrane
filters.

Such an approach was taken by Zierdt

in his study with large pore size membranes.
experimentation described here used only P.
This is so because of several reasons.

(70)
Yet,

diminuta.

First,

a

substantial data base of information about the micro¬
biological and filtration characteristics of this
organism has been developed.

Second,

the level of

filtration studied here involves the close approxima¬
tion of organism size to filter pore size.

Results to

be discussed in connection with LRV versus bubble
point

(Figure 5-1)

indicate the strong dependency of

bacterial removal on pore size when all other variables
are held constant.

Previously published studies have

shown the dependency of bacterial removal on organism
size.

Thus, what this section is attempting to do is

measure the contribution of adsorption to the removal
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of a small organism capable of penetrating filters
whose pore size approaches those used in sterilization.
P. diminuta is the best candidate for such studies.
In addition, adsorption has been suggested as a mecha¬
nism of removal for P.

diminuta during membrane

filtration.
Two pore sizes of membrane filters were used in
experimentation on adsorption.

A 0.45 pm pore size was

chosen since it is capable of passing P.

diminuta in

measurable and reproducible quantities.

In other words,

positive results

(passage) were guaranteed during

experimentation.

Thus, the effect of adsorption could

be measured quantitatively and compared to controls.
On the other hand, the real question about adsorptive
removal is:

will it affect the sterilizing ability of

a membrane filter?

Sterilization by filtration requires

the complete removal of bacteria.

If adsorption has a

subtle effect on the level of removal efficiencies
required during sterile filtration (i.e., only changing
removal efficiency by a few organisms)

then the amount

of passage seen with 0.45 ym pore size filters may mask
this subtle effect.

This is the principle reason for

including 0.22 ym pore size filters in experimentation.
The stringent requirement for sterility of filtrates
gives the sensitivity to observe subtle effects.
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It was evident (Tables 4-8 through 4-11)

that

population numbers were stable for at least 30 minutes
with most modifiers.
pH’s of 2 and 10,
minutes.

The exceptions, 0.1 M AICI3 and

showed marked decreases after 30

Thus, they were not used in retention tests.

Zeta potential measurements offered a convenient
assay method for charge effects on both the organism
and membrane filter material.

The relative charge of

the surface of the cell would affect the relative
attraction or repulsion of each other.

Clearly, if

the sign of the charge differed there would be a mutual
attraction.

The zeta potentials presented in Table 4-12

clearly indicate an affect on the charges of both cells
and filter material.

Based on these results and assuming

an electrostatic adsorption then such modifiers as 0.01
M AICI3 and pH 4 and 8 should show the greatest magni¬
tude of attraction.

Yet,

LRV determinations under

these conditions (Tables 4-13 and 4-14)

showed no changes

in bacterial removal compared to controls.

In fact

there was no correlation between ZP and retention.
Apparently, removal efficiency in this system is
independent of charge interactions.
Hydrophobic interactions also do not seem to play
a role in bacterial removal.

Even with a known modi¬

fier of membrane filter adsorption such as PVP, no
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change in LRV was observed (Table 4-15).

Apparently,

the competitive binding potential of protein was not
realized either since this modifier was ineffective in
changing the retention characteristics of the two pore
size filters tested (Table 4-16).
Clearly,

surface interactions are a complex pheno¬

menon and the experiments described here are limited
in scope.

Nonetheless, the conclusions to draw from

these results is that adsorption plays no measurable
role in bacterial removal.

This conclusion does not

dismiss the role of adsorption in some filtrations nor
does it conflict with the observations of Elford (18)
or Zierdt (70).

Elford suggested many years ago that

adsorption is probably important in membrane filtration
only when the particle is much smaller than the pore
size.

Similarly,

Zierdt showed changes, although

minor,

in adsorptive removal of bacteria by large pore

size membrane filters under varying experimental
conditions.

Apparently, when studying bacterial

removal by filters whose pore size approaches organism
size, physical exclusion independent of adsorption is
the operating mechanism of removal contrary to the
findings of Tanny et al (61).
The practical significance of physical exclusion
as the operating mechanism of bacterial removal lies
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in its independence of the type of fluid being
filtered.

With the proper selection of pore size

where exclusion is operative, complete removal of
particles larger than the pore size can be achieved
irrespective of the type of fluid being sterilized.
Summary
Proving the reliability of sterile filtration means
understanding the operating conditions which affect
performance.

This chapter has attempted to evaluate a

variety of operating conditions typically encountered
during the large scale sterile filtration of pharmaceu¬
tical products.

Operating conditions were classified

as either physical or chemical.

The following

summarizes the major findings:
1.

Bacterial numbers.

Literature reports of the

dependency of retention on bacterial challenge
level were confirmed.
level of 10

8

In addition, a challenge

organisms/cm

2

of filtration area

was established for routine testing.
2.

Filtration pressure.

Increased filtration

pressure increases the rate of bacterial
passage through a filter.

Also, there is a

finite end point of the bacteria/pore size
relationship where removal becomes independent
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of filtration pressure.
removal of P.

For example, complete

diminuta was independent of the

tested pressures with 0.22 ym pore size
filters.

Nonetheless, routine testing of

removal performance should be run at high trans¬
membrane pressures.

This dissertation suggests

tests pressures of 50 psid.
3.

Serial filtration.

Contrary to literature

reports, reliable sterile filtrations cannot
be achieved with serial filtration through
filters whose pore size is larger relative to
bacterial cell size.

The most reliable sterile

filtrations are best done by a single filter
whose pore size excludes bacteria at or near its
surface.
4.

Filtration time.

Clearly, time affects the

removal performance of filters.

Such variables

as organism size and filter pore size determine
time of penetration (growthrough).

Reliable

sterile filtrations can still be performed by
limiting the time of filtration.

For example,

filtration times typically used in industry
(8 hours) will not allow growthrough.
5*

Chemical variables (adsorption).

Reports in

the literature suggest adsorption as a particle
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removal mechanism in membrane filtration.
Adsorption as a primary mechanism appears to
be limited to filters whose pore size is much
larger than bacterial cell size.

No evidence

of adsorptive removal was seen in filtrations
with membrane pore sizes approximating bacterial
cell size.

Thus, sterile filtrations are

independent of fluid chemistry (adsorption).
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CHAPTER

V

PREDICTABILITY OF BACTERIAL FILTRATION
It is useful to recall that a major objective of
this dissertation is to determine the relationship
between indicator removal and the physical integrity
of a filter.

Therefore, a key feature of an integrity

test as it applies to sterile filtration is its ability
to predict performance.

In this way, an integrity

test of a given value will assure the retention of
microorganisms.
The predictive ability of integrity tests is
especially important in filtration.

Sterilization

methods such as moist heat can be routinely monitored
with biological indicators during an actual steriliza¬
tion run.

Suspensions of spores are included along

with materials to be sterilized and the efficiency of
the sterilization proven by showing non-viability of
such suspensions.

Such testing in no way affects the

material being sterilized.
thus termed non-destructive.

This kind of testing is
Testing of filtration

systems with biological indicators, however,
destructive in nature.

is

The high number of Gram nega¬

tive organisms used to validate filtration systems
will both plug the filter lowering its throughput and

contaminate any filtrate with pyrogens.
words, the filter is no longer useful.

In other
The destructive

nature of retention testing precludes its concomitant
use when sterilizing fluids such as injectable drugs.
The performance of the filtration system must rely
solely on non-destructive integrity tests which predict
bacterial removal.
Correlation of Retention and Integrity
The earliest attempt at relating biological reten¬
tion performance to filter properties was by Elford (lb)
His measures of bacterial retention, however, were large
ly qualitative.
Rossmoore (53)

Bowman, et al (8)

and Rogers and

also measured membrane retention perfor¬

mance but did not concurrently determine the integrity
(i.e., bubble point) of the filters they tested.
author,

This

in collaboration with Reti (51), described

concurrent biological and physical performance measure¬
ments on membrane filters, the first such study
published.

What follows is an expanded description of

this work.

A range of membrane filter pore sizes were

tested for their bacterial retention under standardized
test conditions.

Retention performance was expressed

as the LRV and related to the bubble point of the
filter.

Linear regression analysis (correlation
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coefficient) was then applied to the relationship to
determine the level of interaction bet\\reen the two
parameters measured.
P.

diminuta ATCC 19146 was the organism used

primarily in this section.

Its cultivation and handling

were as described in Chapter III.

Limited experimenta¬

tion with a Gram positive organism,
ML34 was also performed.

Leuconostoc oenos

This was to determine any

differences in retention due to cell wall structure or
cell chemistry.
Chapter III.

The test apparatus is that described in

A detailed description of the test method

is also found there.
Mixed ester of cellulose filters, 293 mm in dia¬
meter, were used in retention testing.

Samples were

randomly selected to reflect a wide range of pore sizes
(bubble points).
psi to 60 psi.

Bubble point values varied from 10
Duplicate samples from a particular

commercial lot of membrane filters were challenged with
bacteria.

Each retention experiment also included the

controls described in Chapter III.
As discussed in Chapter II,

there are several

ways to physically characterize commercial membrane
filters.

Clearly, however,

if the objective of a

physical test is to predict the sterilizing ability
of a filter in actual use, then, the test must not
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compromise the sterility of a system.

Such physical

tests as the bubble point allow aseptic determinations
of a filtration system's integrity.

The bubble point

represents one of the most common measurements applied
to membrane filters during both their manufacture and
use in sterile filtration.

Thus, bubble point was the

parameter chosen here to characterize filters challenged
with microorganisms.
Over fifty LRV determinations were performed on
membrane filters ranging in bubble point from 12 psi to
60 psi (pore sizes of 0.8 \im to 0.22 urn).
from a low of one to greater than ten.
LRV versus bubble point using P.
gical indicator.

LRV's ranged

Figure 5-1 plots

diminuta as the biolo¬

Many of the points represent coinci¬

dent determinations among replicates.

Those determina¬

tions which resulted in complete retention (LRV >10)
are indicated as points with vertical arrows.

The

correlation coefficient calculated through linear
regression analysis of the data was 0.92.

Figure 5-2

replots the data from Figure 5-1 but also includes
LRV determinations with L.

oenos.

Visual inspection of Figure 5-1 suggests a strong
dependence of LRV on bubble point.

This is clearly

indicated in the high coefficient of correlation (0.92)
between these two parameters.

In other words as bubble
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Figure 5-1.
Graph which plots LRV as a func¬
tion of filter bubble point using P. diminuta ATCC
19146 as the biological indicator of bacterial
retention.
Data points with arrows indicate no
passage detected.

\
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Figure 5-2.
Graph which plots LRV as a func¬
tion of filter bubble point using both P. diminuta
ATCC 19146 (•) and L. oenos ML34 (A) as biologiT
cal indicators of bacterial retention.
Data points
with arrows indicate no passage detected.
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point increases

(pore size decreases)

increases proprotionately.

retention

It is interesting to note

that as the bubble point approaches that of a steri¬
lizing grade membrane filter (50 psi), no passage of
microorganisms is observed.

In fact,

complete retention

is obtained at bubble points below the minimum specifi¬
cation established for sterilizing filters of this
polymer type.

Once a bubble point of from 42 to 45 psi

is exceeded, no passage of bacteria is observed.
Figure 5-2 contains additional data using L.
as a test organism.

oenos

The intent of including this

organism was to determine if the relationship esta¬
blished in Figure 5-1 was peculiar to P.

diminuta or more

universal in its application.

a Gram positive

L. oenos,

diplococcus whose smallest dimension is slightly larger
than P.

diminuta (0.4 ym v.

0.3 ym), was used for

several LRV determinations.

These results show a

linear relationship between LRV and bubble point similar
in slope to those with P.

diminuta.

The LRV's, however,

are shifted slightly upward at any given bubble point
reflecting LeuconostocT s larger size.
These results indicate the following:
1.

Bacterial removal by membrane filters is an
orderly process predicted by the filter’s
bubble point.
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2.

Above a minimum filter pore size no bacterial
passage occurs, below that minimum the extent
of passage is an inherent property of the
filter and its pore size.

Since initial publication of these findings,

other

workers have verified the relationship between bacterial
removal and pore size (45).
Modeling Bacterial Retention
It is interesting to note that the passage of
bacteria through filters is not an all or nothing event
but rather a continuum, the extent of which is a func¬
tion of pore size.
sizes larger than P.

In other words, filters with pore
diminuta still exhibit some

characteristic ability to remove these organisms.
Somehow, these larger pore size filters entrap bacterial
cells in a consistent manner.
It is apparent from the previous section that
bacterial removal is a predictable function of pore
size (bubble point).

It is equally apparent that pore

sizes larger than those commonly used in sterilization
will remove some portion of a population of cells which
are smaller than the pore size.

For example, membrane

filters assigned pore sizes of 0.45 urn will remove on
the order of 10^ P.

diminuta.

Although the previous
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section goes a long way in describing the overall
retention characteristics of membrane filters,

such

results do not explain the removal action of membrane
filters on the cellular level.

This can be studied by

direct examination of bacteria interacting with mem¬
brane filters.
Experimentation described in this section tries
to reconcile the disparity between the parallel capillary
model of membrane filters which is commonly used to
describe their structure with their true three dimension¬
al structure evident in SEM with its bearing on bac¬
terial removal.

Membrane filters have been widely

regarded as screenlike structures with consequent
capability for absolute removal of particles of size
greater than the nominal pore size.

However, scanning

electron micrographs of these materials do not show an
array of equal-sized pores, but rather a foam-like
structure permeated by openings of a range of sizes
(Figure 2-1) .

Many of these openings appear to be

larger than the nominal pore size of the filter.
Further, considering the fact that the depth of a
typical membrane is many times greater than its pore
size, it is possible that bacterial removal depends
upon adsorption to the internal surfaces of the mem¬
brane rather than on screening.

Although adsorption
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plays a role in the removal of material much smaller
than filter pore size,

it does not appear to influence

the removal of bacteria when cell size approximates
pore size

(Chapter IV).

How,

then,

do membrane filters

remove bacteria?
The majority of the work on bacterial retention
described so far in this dissertation and reported in
the literature has addressed the overall performance
of membrane filters rather than describing the mechanisms
of removal.

Let us begin to answer the question of how

filters work by first taking a closer look at the
filter.

The structure of membrane filters has been

investigated by a variety of macroscopic methods.

The

bubble point gives a measure of the "largest pore” and
the method of flow porosimetry extends this to give a
pore size distribution (55).

Mercury intrusion can also

be used to give a pore size distribution (52) .

These

methods rely on interpretation of data obtained from
the entire filter in terms of some kind of microscopic
model of the pore space,

such as a bundle of parallel

capillaries.
The actual microscopic structure of membrane
filters as been revealed to some extent by scanning
electron micrography.

Sladek,

et al

(58)

presented

photos of a series of eight membrane filters of
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graduated pore size.

They suggested that the structure

of all membranes in the series was similar and that
there were differences only of a scale factor.

Zierdt

(70) presented SEMfs of larger pore membranes which had
been challenged with organisms small enough to pass
through the structure.
In this section, an attempt was made to extend the
previous SEM investigations by relating the structure
of the filter to bacterial removal on the microscopic
scale.

Specifically, experimentation began with

sterilizing grade membranes which should exclude
P.. diminuta on their surfaces and then the pore size
was increased to observe penetration of organisms into
the structure.

However,

since SEM methods allow only

a small area to be viewed, complimentary optical method
was developed to observe organisms over a larger
viewing area.

The direct observation of bacterial

cells at the challenged surface and in the interior of
the filter could then be related to the extent of
passage throughout the structure.

Finally, these

observations were tied together with a mathematical
model of the passage/retention process.
P. diminuta ATCC 19146 was used throughout this
section.

The organism was grown in SL broth.

Mixed

esters of cellulose membrane filters of four pore
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sizes were studied.

These included 0.22 ym,

0.45 pm,

0.65 ym, and 0.8 ym pore size rated membranes.

A

description of their physical properties is found in
Table 5-1.

Membrane filter discs,

were sterilized in a 47 mm holder.

47 mm in diameter,
Holders were

attached to a sterile pressure vessel containing a
7
suspension of the test organism (10
organisms/ml of
suspension).

One hundred ml of the suspension were

forced through the membrane at a 50 psi pressure drop.
Each 47 mm holder containing the test membrane was then
checked for integrity by bubble point testing.

The

challenge procedure resulted in a concentration of 10
2
organisms/cm of filtration area.
This procedure

8

simply represents a scaled down version of that des¬
cribed in Chapter III.
Immediately after challenging, the test membranes
were transferred to a petri dish containing a stain which
has a high affinity for bacterial cells and low affinity
for the membrane polymer (41).

Filters were stained for

ten minutes, washed in reagent grade water and air
dried.

They were placed on glass slides (50 X 100 mm),

cleared with immersion oil (Np23 C = 1.5150)

and

mounted with a cover slip.
Glass slides containing the cleared test filter were
viewed under oil immersion (1000X total magnification)
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by phase contrast microscopy (Nikon Biophot).

The

number of cells penetrating into the filter was deter¬
mined as follows.

Five microscopic fields were randomly

chosen for counting across the entire diameter of the
filter.

The upper surface of the filter was placed in

focus and the focal plane was then lowered 10 ym into
the depth of the filter as determined by the calibra¬
tions on the fine focus knob.

The bacterial cells

which appeared in sharp focus were counted at each
depth.

2

A square grid pattern (2500 ym ) housed in

the ocular lens defined the counting area.

The depth

of field was estimated to be 1.0 ym and a count was
therefore interpreted as the number of cells per
2500 ym

of membrane.

The focal plane was lowered

another 10 ym and the cells were again counted.

This

procedure was continued at 10 ym intervals until the
focal plane was beyond the lower surface of the filter.
The microscope stage was then moved to a new field of
view and the procedure was repeated until all five
fields were examined.

The counts at any one depth

within the filter were averaged for the five fields.
All filters were tested in triplicate.

Controls

consisted of membranes which were not challenged with
bacteria but subjected to staining and microscopy.
Results of experimentation described above showed
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no penetration beyond the first few micrometers of
depth for 0.22 ym and smaller pore size membranes.
Progressively greater penetration was observed as
filter pore size increased.

Data are expressed as the

bacterial count per 2500 ym

versus depth in ym within

the filter.

Figure 5-3 shows typical data reproducibi¬

lity for a single pore size collected in three separate
experiments.

Figure 5-4 gives average organism counts

as a function of depth for three nominal pore sizes
(0.45,

0.65 and 0.8 ym) while Figure 5-5 contains a

summary of all filter depth versus bacterial penetration
experiments

(0.1 ym, 0.22 ym, 0.45 ym, 0.65 ym, and 0.8

ym pore sizes).

Microscopic examination of controls

indicated no interfering particles penetrating the
filter (i.e.,

zero counts as a function of depth).

Let’s return to the question of how filters remove
bacteria.

Particles,

including bacteria, are removed by

filtration in two steps; transport to an element of
filter surface and subsequent deposition on that surface.
Transport occurs by convection of particles along with
the fluid and by diffusion relative to the fluid.
Deposition may be a purely mechanical sieving (screening)
of particles onto the filter matrix.

Alternatively,

may involve electrostatic and chemical interactions
which lead to adsorption.

When the particles are

it
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Figure 5-3.
Graph which plots the number of
P. diminuta ATCC 19146 counted as a function of
penetration depth within a filter (0.65 ym pore size).
Brackets around data points indicate the typical
spread of results for three replicate experiments.
Datum point with arrow indicates too many overlapping
cells to get an accurate count at this depth (TNTC).
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Figure 5-4.
Graph which plots the average
number of P. diminuta ATCC 19146 counted as a
function o¥ penetration depth within various
filters (0.45 ym, 0.65 yin and 0.8 ym pore sizes).
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Figure 5-5.
Graph which plots the average number
of P. diminuta ATCC 19146. counted as a function of
penetration depth within all pore size filters tested
(0.1 yin, 0.22 ym, 0.45 ym, 0.65 ym and 0.8 ym pore
sizes).
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smaller than the openings in the filter, adsorptive
effects tend to dominate the filtration and the electro¬
chemistry of the particle-filter interaction is impor¬
tant, as discussed by Elford (IS)
Babineau (28).

and Fiore and

When the particles are larger than

filter openings, mechanical removal predominates and
filter performance is controlled by the structure of
the filter and the size and shape of the impinging
particles.
The structure of membrane filters is particularly
well suited for mechanical sieving.

The membrane

elements are continuous polymer strands interconnected
at short intervals to give a network of sieve-like
openings

(Figure 2-1).

This can be contrasted with

the glass fiber filter (Figure 5-6) which shows few
interconnections between fibers and a very broad range
of sizes of openings.

Bacterial removal by sterilizing

grade membrane filters is effected primarily by sieving,
as evidenced by LRVTs tremendous sensitivity to pore
size (Figure 5-1) and insensitivity to changes in fluid
chemistry (Chapter IV).

It appears that organisms are

physically excluded by the membrane matrix.

For larger

pore membranes some of the bacteria can penetrate the
structure since all of the pores are not exactly the
same size.

This is shown by the penetration data in
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Figure 5-6.
Scanning electron micrograph of the
surface of a glass fiber depth filter challenged with
P. dimiriuta ATCC 19146. (5000 X)
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Figures 5-3 through 5-5.

For the 0.45 ym membrane,

organisms penetrate extensively about 10% of the
membrane while for the 0.8 ym membrane they are
deposited almost to the downstream side.
however,

Clearly,

0.22 ym and smaller pore size filters exclude

organisms at, or near, their surface (Figure 5-5).
If bacterial removal is dependent on a mechanical
removal process, it should be possible to develop a
quantitative model of the retention/passage process
based on the microscopic penetration data described
here and test it against the LRV data of Figure 5-1.
In accordance with the discussion above, only sieving
will be included in the model, since adsorption
effects have an insignificant effect on bacterial
removal for the range of pore sizes of interest here.
Two kinds of models describing bacterial retention
are homogeneous and defect models.

Defect models would

represent passage in terms of features present only to
a small extent,

such as a few unusually large pores or

a few unusually small organisms.

Often in defect models,

the defects are difficult or impossible to observe
directly.

Homogeneous models represent passage in terms

of the obvious major features of the system such as the
sizes of organisms and membrane openings and the membrane
thickness.

Here, organisms and the filter openings are
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considered to have relatively narrow, bounded size
distributions.
One widely used defect model is to attribute
passage to a few large pores.

This viewpoint arises

from applying a parallel capillary model of membrane
structure to interpretation of bubble points.

A

membrane filter shows a bubble point phenomenon in which
the measured value should have an inverse relationship
to the sizes of openings in the filter.

If one inter¬

prets the data in terms of a collection of capillaries
having a range of sizes, then the bubble point could be
interpreted as referring to the ’’largest pore”.

But

how does one reconcile this with the actual structure
as revealed in SEM.

The SEMTs show no straight-through

pores at all, but rather a three dimensional network of
interconnected polymer strands.

The openings in the

structure appear to have a distribution of sizes where
the largest opening on an electron micrograph does not
go far into the structure but rather is followed by
* *

openings of smaller size.

Thus, through-pores are not

characteristic of the structure as revealed by SEM’s.
A large pore penetrating throughout the thickness of
the filter would be a pinhole or other defect.
Undoubtedly, pinholes and other defects may occur
in membranes.

However, their concentration is not an
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inherent and reproducible feature of membrane but
rather a function of the care of the manufacturer in
making and controlling the quality of the product.

The

fact that passage of organisms is reproducible (Figure
5-1)

suggests that passage is not due to random defects

but is rather a property inherent in the membrane
structure.
What follows is a description of a mathematical
model of bacterial removal based on the observations
from Figures 5-3 through 5-5.
passing through a membrane.

Consider an organism
As the organism travels,

it encounters a series of openings along its path and
goes through each until it is sieved out.

It is conve¬

nient to represent this passage through successive
openings as passage through a stack of ’’screens".
Figure 5-7a and b schematically illustrates this
concept.

The entire depth of a membrane filter is

composed of individual subfilters each of which remove
bacteria.
An idealized representation of an individual screen'
is found in Figure 5-8.

Each screen has a distribution

of pore sizes as shown schematically in that figure.

If

one ’’screen” is challenged with uniform sized organisms
of a diameter smaller than the smallest screen opening
(d-j^ in Figure 5-8), none will be sieved out.

In the
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Figure 5-7a.
Schematic representation of
the stack of "screens" concept of membrane
filter structure.
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Figure 5-7b.
Schematic representation of
the stack of ’’screens” concept of membrane
filter structure with a fraction of a bacterial
cell population removed on each ’’screen”.
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Figure 5-8.
Schematic representation of
one screen-like element of a membrane filter (top)
and its distribution of size openings (bottom).
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CHARACTER OF ONE SCREEN
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opposite case,

the organism diameter is larger than

the largest opening C<d-2

Figure 5-8)

will be trapped on a single screen.
case,

and all organisms

In the intermediate

the organism diameter lies between d^ and d-2 and a

certain fraction f will pass through one screen.
If fraction,

f, passes the first screen,

will emerge from the second and fn,

then f X f

from the nth screen.

This is illustrated in Figure 5-9 where WQ is the total
?

challenge density (organisms/cnT)

and Wn is the density

of organisms exiting the nth screen.

Then,

for the

entire membrane consisting of n screens,

Figure 5-9 also gives the density of organisms
deposited on each screen during the challenge:

M1

= 1 - f (for one screen)

(3)

o
M
1
J± = fn"±(l-f)
o

Cfor entire filter)

(4)

It is this density of deposited organisms that is
measured in the surface penetration experiments
(Figures 5-3 through 5-5).
It is now desirable to fit the surface penetration
data to Equation 4.

It would appear that there are

two variables to be determined by fitting the data:
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Figure 5-9.
Schematic representation of a
membrane filter as a stack of ’’screens” (top) and
the fractional removal (f) of a population of bac¬
terial cells (W) by each ’’screen” (N) .
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£ and n.

However,

attempts to fit the data showed

that there are a large number of pairs of f, n values
which fit equally well.

This can be readily understood

by looking at the graph in Figure 5-9.

The W-profile

drawn for screens 1-3 represents an f of 0.5.

The same

results would occur with six screens each having f =
y0.5.

That is,

the designation of the effective number

of screens is not meaningful by itself;

it is the com¬

bination of f and n that expresses the overall sieving
ability of the membrane.

This fact can be taken into

account in the model by taking the limit of dividing
the membrane into a very large number of very thin
screens each having an f very close to unity.

Designat¬

ing the thickness which represents one screen as h and
the total membrane thickness as L,

and the distance

into the membrane as x,
n = x/h

(5)

f = 1-kh

(6)

fn =

(l-kh)x/h

Where k is a removal constant per unit thickness.
the limit of h -> 0,

(7)
In

Equation 7 reduces to,

fn = e'kx

(8)

(This same limit occurs with compound interest for which
weekly,

daily,

or continuous compounding all yield very

nearly the same result.)

Incorporating this into

Equations 2 and 4:
W(x)

...
- kx
= W e
0

(in the fluid of depth x)

(9)

M(x)

= W ke~kx
0

(deposited in membrane
at depth x)

CIO)

= W e‘kL
0

(passed through entire
membrane)

(ID

WL

ml

=

LJ0

(12)

M(x)dx = Wo (l-e~kL)
(retained by entire
membrane)

It is interesting to note that these equations can
also be derived from the differential equation.
-dW
= kW
dx

(13)

which expressed ’’first order” removal.

That is,

the

rate of removal of organisms from the fluid is propor¬
tional to the concentration of organisms in the fluid.
A first order equation of this type has been used
previously by Ives

(37).

Equation 10 can be used to

analyze the surface penetration data:
In M = In WQk - kx

(14)

This indicates that a plot of In M versus x should
give a straight line with slope -k and intercept equal
to the logarithm of the challenge multiplied by k.
plots are contained in Figure 5-10.

Such

The data give

reasonably straight lines for the pore sizes tested and
Table 5-2 presents the resulting values of k and WQ.
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Figure 5-10.
Graph which plots the natural
logarithm of the number of P. diminuta ATCC 19146
removed as a function of depth within various pore
size filters (0.45 pm, 0.65 pm and 0.8 pm).
The
slopes of each line indicate the bacterial removal
constants (k) for that pore size filter.
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Values of WQ from the table can be compared with
measured values of WQ found by assaying the challenge
(108 organisms/cm2).
good agreement,

This comparison shows surprisingly

considering experimental uncertainty.

Results from Table 5-2 can also be compared with
the passage data given earlier.

This is done by substi¬

tuting k from Table 5-2 and the membrane thickness
from Table 5-1 into Equation 11.

L

The comparison is

shown as special points on Figure 5-11.
The LRVfs predicted from penetration are about 50%
larger than the LRV's determined by passage.

It is

encouraging that they are within a factor of two
considering the vast difference in the experiments,
why is the agreement not closer?
5-10,

but

Referring to Figure

it is noted that the 0.65 urn curves show a greater

slope near the surface of the membranes than further
inside it.

The data for the other two nominal pore

sizes also show this tendency, upon close examination.
A larger initial slope could be due to preferential
sieving of the largest organisms in the population.
far,

So

the challenge was assumed to be uniform in size.

Actually there is a distribution of organism sizes
(Figure 3-11)

and although the distribution is narrow,

the sieving process is extremely size-sensitive.

The

surface penetration results near the membrane surface
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Figure 5-11.
Graph which plots LRV a_a func¬
tion of bubble point using P. diminuta ATCC 19146
g^s the biological indicator of bacterial retention.
Special points indicate LRVTs which are predicted
by a mathematical model of bacterial retention at
three bubble point values.

BUBBLE POINT PSI
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tend to over-estimate the value of k because the largest
in the population are being sieved out and then viewed
in the microscope.
The size distribution of organisms would tend to
give a curved plot such as
Figure 5-12.

is shown schematically in

The removal factor k and hence the slope

of the organism profile would be larger near the mem¬
brane surface due to preferential sieving of the largest
organisms.

The data refer to deposition within the

region near the surface since that is where the highest
and most accurate counts are.

The straight line fit,

also depicted on Figure 5-12 tends to give a value of
k that overestimates the LRV for passage.
In summary,

the details of the retention/passage

characteristics of membrane filters were examined micro¬
scopically.

As an aid in illustrating their mechanism

of bacterial retention,
graduated pore sizes,

a series of membranes of

including both sterilizing and

larger pore structures, were examined for bacterial
penetration as a function of depth.

In the larger

pore structures, organisms begin to penetrate into the
filter and the sieving properties of the membrane
persist throughout its depth where organisms are sieved
out progressively.

Filters with pore sizes of 0.22 pm

and smaller, however,

sieve out bacteria at or near their
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Figure 5-12.
Idealized graph which plots log
organism concentration challenging a filter as a
function of penetration depth within the filter
showing the impact of an organism’s size distri¬
bution on the deviation of mathematically modeled
results from actual data collected on bacterial
passage through membrane filters.
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surface.

The mathematical nature of this sieving was

demonstrated and a model of the removal process was
compared to LRV determinations.

In general,

predicted

removal was within 50% of LRV determinations.

The

performance of membrane can be contrasted with the
depth effects in a fibrous structure,

in which organisms

are removed mainly by adsorption on the fibers;

adsorp¬

tion is not a mechanical process and depends on variables
such as solution chemistry,

flow rate and pH.

Thus,

observations obtained through both LRV determinations
and microscopic results which yielded a mathematical
model of the removal process suggest the predictable
removal of bacteria by membrane filters based on
mechanical sieving.

Predicting Sterility Assurance

The conclusions drawn from Chapter IV and so far
in this chapter highlight the reliable and predictable
nature of sterile filtration under defined operating
conditions.

This section now considers how this infor¬

mation can be used to estimate the probability of
sterility assurance during routine use of sterile
filtration.
The microbiological characteristics of materials
requiring sterilization provide useful

information when
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designing sterilization processes.

The knowledge of

how many and what type of microorganisms are present
and their relative resistance to the sterilization
method can be used to predict the efficacy of that
method.

Termed the bioburden,

the typical microbiologi¬

cal content can be estimated experimentally by quanti¬
tative assay of products requiring sterilization.

The

resistance of selected isolates to the chosen sterili¬
zation method is then determined through exposure of
these isolates to sterilization conditions.

If the

number of organisms of the most resistant type present
in the bioburden is known, and,

if the sterilization

process brings about the predictable, orderly removal
of that organism (e.g., the D value concept);

then,

the sterilization process can be adjusted to yield a
high degree of assurance that products are,

indeed,

sterile.
It is also possible to use bioburden information
to remove some of the microbial population prior to
sterilization as a further guarantee of sterility.

This

is commonly done when sterilizing thermostable intra¬
venous solutions.

For example, before bottling and

autoclaving, such solutions are filtered through 0.45
pm pore size membrane filters to lower the bioburden
prior to autoclaving.

This section presents an
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analagous approach of coupling bioburden information and
filter retention characteristics to define a sterile
filtration process.
The microbial retention efficiency of a filter may
be expressed by the LRV.

In order to determine the

degree of sterility assurance afforded by sterile filtra¬
tion, however,

one must have some knowledge of the

bioburden associated with that product as well as the
probability of passage of a single organism.
Assuming a sterile effluent, the probability of
passage of a single organism can be calculated from
Equation 15.
P

(15)

total challenge

For example, when the filter is challenged with
4.68 X 10

g

organisms, p would be calculated as:
p = 4.68 X 109

=

2,14 X 10

For a process such as sterilizing filtration there
are a number of statistically equivalent experiments
which might be performed to determine the probability
of a single organism passing through the filter.
A total
9
of 10
filters might be challenged with a single organism
and the filtrates cultured for the presence of a single
organism.

Alternatively, one could challenge a single
9
filter with 10
organisms, culture the filtrate, and
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calculate the LRV.

In validating sterilizing filters,

the two methods would most probably be combined.
instance, N filters might be challenge with NT

For

organisms.

The filtrates would be cultured to determine the number
of organisms in the filtrates.
If eight filters were each challenged with the
following number of organisms and the filtrates were
sterile, then the maximum probability of passage of a
single organism may be calculated from Equation 15.
EXAMPLE 1
18 X 109

7.5 X 109

5.1 X 109

6.1 X 109

14 X 109

8.9 X 109

15 X 109

6.9 X 109

Total organisms 8.15 X lO'*'9 (bioburden)
First, the LRV is calculated as follows:
TDir _ i_

JO
8.15 X 10

LRV - log-^Q -^-

= 8.15 X 10

10

LRV = 10.91
The probability of passage is calculated by Equation 15:
: . . .
1
P = 8.15 X 1010
p = 1.227 X ltT11
The degree of sterility assurance Ci.e,, the
probability of sterility)

in a filtration process of

known bioburden and LRV characteristics can then be
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estimated as follows:
Probability of passage of a single organism (p)
is:

P

total challenge

Probability of sterility (_p )
Ps

=

1

is:

’ Pns

and:
0
p
Fns -

^
n= I

p.
Fi

where:
pns = probability of non-sterility
p^ = probability of i organisms in the
filtrate
Q = actual challenge (bioburden)
then:
Pi = L°s
p2 - Log

CqSjy) • LRV
0!

j

Pi = L°g

2

! ) ‘ 2 LRV

' 1 LRV

Given an LRV of 8 and Q of 10^, then the probabi¬
lity of one organism Cp-^)

in the filtrate is:

10

'

Log Pl = Log C
= 4-

—)

- §

4

8

Log px = -4
Px =

-4
10

and the probability o£ two organisms C?2)

i-n the filtrat

is :
4!

10

Log p2 = Log C

-)

-

(8)

2

(10-2) ! 2 !
T
>108 - 104,
Log (-2-)

- 16

1 o8

Log

)

- 16

Log P2 = 7.7 - 16
P2 = 5 X 10‘9
Pl >> P2 >> P3 **••>> p^, So, pns is essentially
identical to p-j^ C<0.1% error).

In other words the

probability of one organism is much higher than the
probability of two or more organisms in the filtrate
If that is the case, then:
Log px = Log p

ns

and.
p„ =
*s

1

- p
Fns

then the probability of sterility (p )
ps =

1

is

- pi

= 1 - antilog CLog Q - LKV)

(16)
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The LRV may now be used to estimate the degree of
sterility assurance associated with a specific bioburden.
Assuming a batch of product has a total bioburden of 10^
organisms, then the degree of sterility assurance asso¬
ciated with that process would be calculated from
Equation 16:
Ps = 1 - antilog (Log Q - LRV)
where:

ps = degree of sterility assurance
Q = bioburden

ps = 1 - antilog (5.0 - 10.91)
= 1 - antilog (-5.91)
=

1

-

0.0000012

ps = .9999988
In other words, we have a 99.99988 percent proba¬
bility of obtaining a sterile filtrate with this
bioburden.
It should be noted that the level of sterility
assurance by filtration calculated above is almost a
thousand-fold higher than that associated with an
aseptic fill process.

Aseptic fill processes are

validated by the process simulation test (PST).

In

the PST, the process is challenged with a sterile
growth medium.

The filled containers are then incu¬

bated and examined for evidence of microbiological
contamination.

The level of non-sterility associated
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with this test is less than 0.1 percent.

Thus,

the

weak link in a sterile filtration process is not the
filter but, rather,

aseptic processes which occur

after filtration.
It is readily apparent,

from Equation 16, that if

the bioburden is reduced by some order of magnitude,
then the degree of sterility assurance would be increased
by the same order of magnitude.

If,

for example, a

prefilter capable of reducing the bioburden by 99 per¬
cent had been used in the above example, then the degree
of sterility assurance would be increased by two orders
of magnitude to .999999988.
EXAMPLE 2
The LRV may also be utilized to determine the volume
of fluid that may be sterilized before the degree of
sterility assurance decreases to a preselected value.
For example, given:
degree of sterility assurance (p )

= .999999

bioburden (Q) = 100 organisms/liter
LRV = 10.91
required:
The volume of product that may be filtered
before the degree of sterility assurance
decreased to .999999.

Equation 16 is a rearrangement of Equation 15 and
the bionominal probability equation.
Log (l-ps)

+ LRV

Log (1-.999999)

Then:

= Log Q

(17)

+ 10.91 = Log Q

-6 + 10.91 = Log Q
4.91 = Log Q
and:
Vp X C = Q
Where:

(18)

V„ = volume of filtrate
F
C = organisms/unit volume
Q = bioburden on filter

It follows that:
Antilog Q

= Vp X C

Antilog (4.91)

= Vp X 100/Liter

81,283.

= Vp X 100/Liter

(19)

Vp = 812.8

Thus,

813 liters may be filtered and the minimum

assurance of sterility for that volume of filtrate is
0.999999.
Summary
The major conclusions drawn from this chapter
are:
1.

Bubble point serves as a good predictor of
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bacterial removal by membrane filters.
2.

The bacterial removal process

is an orderly

event lending itself to modeling.

This

modeling, based on mechanical sieve removal,
further substantiates both the reliable and
predictable nature of bacterial removal.
3.

The predictability of removal can be used to
estimate the probability of sterility assurance
during filtration.

CHAPTER

VI

SUMMARY DISCUSSION

The strict definition of sterility requires the
complete absence of life before the term can be pre¬
cisely applied.

In every day terms,

however,

sterility

is defined operationally as the absence of micro¬
organisms which can multiply in growth media under
defined parameters of incubation.

For example,

such

compendial works as the United States Pharmacopiea (USP)
describe in detail how one determines the sterility
of materials through growth tests aimed at cultivating
a wide variety of bacteria.
There are a variety of approaches to bring about
sterility as defined in the USP.
gas,

radiation and filtration.

in their method of action,
characteristic:
lity)

These include heat,
Although each varies

they share an important

they achieve the same objective

(steri¬

and their efficacy at obtaining this objective is

established through systematic study of the variables
which affect the sterilization process.
In a general sense,

successful sterilization methods

are a reliable and predictable way for fulfilling the
operational definition of sterility.

Reliable implies

that routine and repeated use of the method yields the
same result.

Predictable, on the other hand,
285

implies
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that some measurable parameter of the method will
guarantee performance.

How,

then,

is a sterilization

method proven reliable and predictable?

This is done

through controlled experimentation under defined
conditions,

in other words,

a systematic study.

Not

all of the methods of sterilization have undergone
systematic study to prove reliability and predict¬
ability.

The most notable example of this is sterili¬

zation by filtration.

The process of bacterial removal

by filtration is a widely practiced method of controll¬
ing the microbial content of fluids.

‘Filtration is

the only practical method of sterilizing heat labile
solutions.

A wide variety of filter types have been

used in sterilization.
today, however,

The principle type in use

is the membrane filter.

Given its

indispensable position as sterilization method of
choice for heat labile solutions,

the membrane filter

as applied to sterilization was tested for its reliabi¬
lity and predictability.through a systematic study
described in this dissertation.
The first step in experimentally proving the
reliable and predictable nature of a sterilization
process is the selection of a biological indicator.
Remembering that the objective of a sterilization
method is the complete removal of viable organisms,
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then,

the most logical indicator is a microorganism.

Moreover,

the biological indicator should be resistant

to the sterilization method under study.

In this way,

removal of the indicator will assure removal of less
resistant

(and more common)

organisms by the method.

Each sterilization method prescribes certain character¬
istics of a biological indicator.

For example,

sterili¬

zation by heat requires a thermally resistant spore such
as produced by Bacillus stearothermophil'us to measure
performance.

Chapter III presented several criteria

for a biological indicator in sterile filtration.

They

include:
1.

Small,

single celled and spherical.

2.

Genetically and environmentally stable with
respect to morphology.

3.

Easily recovered (cultivated)

after filtration.

4.

Non-pathogenic.

5.

Representative of organisms commonly occurring
in fluids requiring sterilization.

The organism selected to meet these criteria was
Pseudomonas diminuta ATCC 19146.
organism in filtration studies,

A commonly used
it satisfies the require¬

ment of a biological indicator for sterile filtration.
Selection of the biological indicator alone does
not guarantee its proper application.

The trait of the
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organism which confers resistance to sterilization
often varies under different cultivation conditions.
Chapter III also investigated the impact of cultiva¬
tion on the size of Py diminuta.

Experimental work

clearly demonstrated the variations which P.

diminuta

exhibits morphologically under differing cultivation
conditions.

A medium,

saline lactose broth, with

defined incubation parameters was developed to yield
a cell population of a consistent small size under
repeated use.

Additional experimentation described

in Chapter III established the following:
1.

Methods of culture maintenance and quality
control.

2.

Cell size distributions.

3.

Quantitative and sensitive methods of indicator
recovery.

4.

Impact of filtration conditions on indicator
viability.

The next consideration in validating efficacy of a
sterilization method is development of an experimental
test system which simulates use conditions of the process.
The test system should do several things.

These include:

1.

Yield reproducible results.

2.

Quantitate biological indicator removal.

3.

Allow measurement of some physical parameter
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of the system.
4.

Incorporate flexibility in its operation for
study of variables affecting performance.

Overall,

the test system should estimate how well the

sterilization method will do its job in actual opera¬
tion.

Chapter III described a test apparatus,

the

components of which were filtration hardware routinely
used in sterile filtration, which fulfilled the criteria
above.

The apparatus used positive pressure filtration,

stainless steel construction,

and proper valving and

venting which allowed for indicator quantitation and
physical testing of the filter under study.
An important aspect of sterilization studies

is the

response of the sterilization method to the variables
of operation which the method sees in application.

An

example of this is the interaction of heat resistant
spores with their suspending medium.

The time and

temperature required to kill a population of spores
depends on this interaction.

The suspending medium

may inhibit or enhance the effects of heat during
thermal sterilization.

Another example is the thermal

heat up or steam penetration characteristics of
materials sterilized in an autoclave.

An analogous

array of variables apply to sterile filtration.

In

order to successfully apply any sterilization method.

the variables which affect performance must be known
and controlled.
Extensive experimentation was undertaken in
Chapter IV to define the operational variables most
commonly occurring in sterile filtration and determining
their impact on microbial removal.

The variables

considered included:
1.

Bacterial numbers.

2.

Filtration pressure.

3.

Serial filtration.

4.

Filtration time.

5.

Chemical modifiers

(e. g. , pH,

ionic strength,

surfactants).
The impact of these variables was often a function of
membrane pore size.

For the pore size most commonly

used in sterile filtration (i.e.,
removal was:

0.22 urn),

bacterial

independent of pressure and chemical

modifiers;

absolute with a single layer of this pore

size;

dependent on time.

and,

time to less than 16 hours,

By limiting the filtration

a 0.22 ym pore size membrane

can effectively sterilize a solution.

Thus,

by selec¬

tion of the proper pore size and filtration time,
sterilization by filtration is a reliable method to
achieve sterility.
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One of the most critical requirements of any
sterilization method is its predictability.

Unless the

removal of microorganisms is an orderly event,

the

method cannot be monitored for its effectiveness.

This

is particularly true for sterilization by filtration.
Filters sterilize by physical exclusion of microorganisms
from a filtered fluid.

To directly measure the ability

of a filter to remove microorganisms,

the filter must

be challenged with a suspension of cells.

This repre¬

sents a destructive test since the filter can become
clogged and filtrates contaminated with microbial by¬
products

(e.g.,

pyrogens).

In other words,

the test

to prove how well a filter works prevents it from being
used in sterilization.

How,

then,

can a sterile filtra¬

tion system be routinely monitored for its effective¬
ness?

The approach taken in this dissertation was to

select a non-destructive measurement of a filter and
compare it to the filter’s ability to remove micro¬
organisms.

Thus,

a strong correlation between these

two parameters would mean that the physical measurement
could substitute for challenging a filter in predicting
microbial removal.
Intuitively,

the physical characteristic which

should be the best predictor of bacterial removal is
one which measures pore size.

Traditionally,

such pore

size measurements are routinely done.

The most commonly

performed measurement on membrane filter systems used
in sterilization is the bubble point.
detail in this dissertation,

Discussed in

it is an easily performed

test which yields a reproducible value characterizing
the integrity of a filter system.

In addition,

it may

be performed aseptically on an assembled filtration
system and does not affect the performance of the
filter (i.e.,

it is nondestructive).

Thus,

a correla¬

tion between the nondestructive bubble point test and
the destructive bacterial challenge test would esta¬
blish a predictive parameter for the process which
would assure a certain level of microbial removal by
the filter when measured.
Experimentation performed with the standardized
biological indicator and test method established the
relationship between biological indicator removal and
bubble point

(Chapter V).

These concurrent determina¬

tions were made on a range of pore size membranes and
the extent of bacterial removal was expressed as the
log reduction value

(LRV) ,

a quantitative expression

discussed in this dissertation.

The strong correlation

between LRV and bubble point justifies the use of
bubble point for predicting the sterilizing ability of
a filtration system.

In the specific case of mixed
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cellulose ester membrane filters studied here,

bubble

points of greater than 50 psi proved completely retentive
to total bacterial challenges in excess of 10^ total
organisms.

The pore size assigned to membranes with

such bubble points

is 0.22 urn or smaller.

In addition to studies correlating LRV to bubble
point,

separate experimentation examined the bacterial

removal process on the microscopic level
The intent of this work was twofold.

(Chapter V).

First,

it would

further elucidate the mechanism of microbial removal.
Results indicated that for 0.22 ym and smaller pore
size membranes bacteria were removed by sieving at the
membrane surface.
other hand,
Second,

Larger pore size membranes,

on the

remove bacterial cells within their depth.

it would substantiate the predictable nature

of bacterial removal as a function of pore size,

i.e.,

membrane pore size was the principle determinant of
removal.

This was evident by the orderly and repro¬

ducible manner of removal by pore size membranes some¬
what larger than the challenging bacteria.
of penetration was a function of pore size.

The extent
In fact,

the removal process was so orderly that experimental
results were fitted to a mathematical model which
described the removal process as an exponential function
related to a constant,

characteristic of a given pore

size.

Estimates of bacterial removal based on this

model were compared to actual removal determinations
(LRV’s) where the agreement was good.

Such findings

provide supporting evidence to the sieving mechanism
of bacterial removal.

The sieving concept is

important

in establishing the reliable and predictable nature of
bacterial removal by membrane filters.

Thus,

a given

pore size membrane can be rated for a minimum LRV under
standardized test conditions.
Sterilization methods are not absolute in their
ability to remove microorganisms.

Rather,

there is

always some probability that a given method will yield
a nonsterile product.
be estimated.

This probability, however,

For example,

can

the probability of achieving

sterility by thermal processes is determined by a
combined knowledge of biological indicator D-value and
the time/temperature relationship of an autoclave.
The findings of this dissertation also lend them¬
selves to estimations of sterility assurance

(Chapter V)

By combining the known LRV of a sterilizing filter with
batch size

(volume of fluid to be sterilized)

and

bioburden (number of organisms per unit volume of the
batch),

it is possible to calculate the probability of

achieving sterility.
a probability is:

The equation for calculating such

2 95

ps = 1 -

antilog

(log10 Q -

LRV)

where:
p

3

= probability of achieving sterility

Q = total bioburden of batch
LRV = log reduction value for the sterilizing
filter

4
For example,

if the bioburden were 10

LRV was at least 11.07,

organisms and the

then the probability of obtaining

a sterile filtrate would be .999999914.
In conclusion,

this dissertation has attempted to

characterize sterilization by filtration through a
systematic study of the process.

The principle findings

are:
1.

Pseudomonas diminuta ATCC 19146 is a suitable
biological indicator of sterile filtration
performance.

2.

Cultivation conditions profoundly affect the
size of P.

diminuta where growth media which

protract its doubling time yield smaller cells.
3.

Filtration equipment which uses positive
pressure filtration,
construction,

stainless steel sanitary

and proper valving and venting

can allow for concomitant bacterial removal
quantitation and measurement of physical filter
integrity.
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4.

The only variable studied which affected the
performance of sterilizing filters was filtra¬
tion time where filtrations of 16 hours or
less did not adversely affect the sterilizing
ability of the filter.

5.

Membrane filter bubble point was a strong
predictor of bacterial removal and should serve
as a routine process monitor of sterile filtra¬
tion systems.

6.

The probability of sterility can be estimated
from fluid volume and bioburden and filter
removal ability

(LRV).
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